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(57) Abstract 

A premixed-charge compression-ignition en- 
gine and control system (10) is provided which effec- 
tively initiates combustion by compression-ignition 
and maintains stable combustion while achieving ex- 
tremely low oxides of nitrogen onissions, good over* 
all efficiency and acceptable combustion noise and 
cylinder pressures. The present engine and control 
system (10) effectively control tiie combustion his- 
tory, that is. the time, at which combustion occurs, 
the rate of combustion, the duration of combustion 
and/or the completeness of combustion, by controlling 
the operation of certain control variables providing 
temperature control, pressure control, control of the 
mixture's autoignition properties arid equivalence ra- 
tio control. The combustion control systern (10) pro- 
vide active feedback control of the combustion event 
and includes a sensor, e.g. pressure sensor (16), for 
detecting an engine operating condition indicative of 
the combustion history. e.g^ the start of combusdcm, 
and generating an associated engine q)eration condi- 
tion signa] (18). 
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PREMIXED CHARGE COl^^ 

WITH OPTIMAL COlVfBIJSTION CONTROL 

TECHNICAL FIELD 

tiiis invention relates generally to a compression ignition engine^ Vi^angeq to 
internally bum a premixed charge of fiiel iand air using autdignitioh to ajciueive reduced 
emissions while maintaining the desired fuel economy. 

BACKGROtM 

For well over 75 years die mteinal combustion engine has beein nian^ 
primary source of motive power. It would be difficult to overstate its importance or 
die engineering effort expended in seeking its perfection. So mature and well 
understood is the art of internal combustion engine design that most so called "new" 
engme designs are merely designs made up of choices among a variety of known 
alternatives. For example, an improved output torque curve can easily be achieved by 
sacrificmg engine fuel economy. O^nissions abatement or improved reliability can also 
be achieved with an increase in cost. Still other objectives can be achieved such as 
increased power and reduced siz;e and/or weight but normally at a sacrifice of both fuel 
efficiency and low cost. The challenge to contemporary designers has been 
significandy increased by the need to respond to govemmentally mandated emissions 
abatement standards while nmintaining or 9iq)rovuig^f^^^ efficiency, in view of the 
inature nature of engine d^ign, it is extremely difficult to extract both improved engine 
performance and emissions abatement from further ionovations of the basic engine 
designs commercially available today . Yet the need for such innovations has never 
been greater in view of the series of escalating emissions standardis mandated for the 
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future by the United States government and other countries. Attempts to meet these 
standards includes some designers looking for a con[q)letely new engine design. 

Traditionally, there have been two primary forms of reciprocating piston or 
rotary internal combustion engines: diesel and spark igmtion engines. While fhest 
engine types have similar architecture and mechanical workings, each has distinct 
upcratmg properties which are vastly different froni each other. Diesel and ^ark 
ignited engines effectively control the start of combustion (SOC) using simple, yet 
distinct means. The diesel engme conttols the SOC by &e tuning of fuel injection. In 
a spark ignited engine, the SOC is controlled by the spark timing. As a result, there 
are unportant differences ^m^ advantages and chsadvantages of diesel and spark- 
ignited engines. Hie major advantage that a sparkrignited natural gas, or gasoline, 
engine has over a diesel engine is the ability to achieve extremely low NOx and 
particulate emissions levels. The major advantage that diesel engines have over 
premixed charge spark ignited engines (such as passenger car gasoline engines and lea^ 
bum natural gas engines) is higher thermal efficiency. One key reason for the hi^er 
efficiency of diesel engines is the ability to use hi^er compression ratios than premixed 
charge spark ignited engines (the compression ratio in premixed charge spark ignited 
engines has to be kept relatively low to avoid knock). A second key reason for the 
higher efficiency of diesel engines lies in the ability to control the diesel engine's power 
ouQ)utwithouta throttle. This eliminates the throtding losses of premixed charge spark 
ignited engines and results in significantly higher efficiency at part load for diesel 
engines. Typical diesel engines, however, cannot achieve the very low NOx and 
particulate emissions levels which are possible with premixed charge spark ignited 
engines. Due to the mi>dng controlled nature of diesel combustion a large fraction of 
the fuel exists at a veiy fuel rich equivalence ratio which is known to lead to particulate 
emissions. Premixed charge spark ignited engines, on the other hand, have nearly 
homogeneous an fuel mixtures which tend to be either lean or close to stoichiometric, 
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resulting in very low particulate emissions. A second consideration is that the mixing 
cqntroUed combustion in diiesel engines occiurs when the fuel and^^s^ 
stoichiometric equivalence ratio which leads to high teniq)eratiires. TTie high 
temperatures, in turn, cause Mj^ NOx endssions. Lean burn preniixed charge spark 
ignited engines, on the other hand, bum their fiiel at much leaner equivalence ratios 
which results in siguificanily lower tempefalures ieaxiing to much ipwer NOx 
emissions. Stoichiometric premixed charge spark igmted engines, on the other hand; 
have high NOx emissions due to the high flame teniperaturesi resultmg fironi 
stoichiometric combustion. However, the virtuaUy oxygen free e)diaust aUows th^^ 
emissions to be reduced to very low levels with a tlu'^way catalyst 

Relatively recently, some engine designers have directed their efforts to^ a^^ 
type of engine which utilizes premixed charge compression ignition (PCCI) or 
homogeneous charge compression ignition (HGGI), hereinafter collectively referred to 
as PCCI. Engines operatmg on PCCI principles rely on autoignition of a relatively well 
premixed fuel/air mixture to initiate combustion. In:q)ortantly, die fuel and air aire 
mixed, in the intake port or the cylinder, long before ignition occurs. The extent of the 
mixture may be varied depending on the combustion characteristics desired. Some 
engmes are designed and/or operated to ensure the fuel and air are mixed into a 
homogeneous, or nearly homogeneous, state. Also^ an engine may be specifically 
designed and/or operated to create a somewhat less honiogeiieous charge having a small 
degree of stratification. In both instances, the mixture exists in a premixed state well 
before ignition occurs and is compressed until the mixture autoignites. Importantly, 
PCCI combiistionis characterized in that: 1) the vast majority of the fiiel is sufficientiy 
prmixed with the ah: to form a combustible inixture throughout this charge by the time 
of ignition and throughout combustion; and 2) combustion is initiated by compression 
ignition. Unlike a diesel engine, the timing of the fuel delivery, for example the timing 
of injection, in a PCCI engine does not strongly affect the tuning of ignition. The early 



wo 99/42718 



PCT/US99/P3289 



delivery of fuel in a PCCI engine results in a premixed charge which is Very well 
mixedv and preferably nearly homogeneous, thus reducing eniissipns, unlike the 
striaitifi^ chfurge conoibustionof a diesel w generates higher emissions. Preferably, 
iH3Gr combii^^ is significMitly leaner 

than stoichiometrie or heavily diluted to advantageously reduce emissions, unlike the 
typical diesel engine cy^ in which a large portion, or ail, of the mixture exists in a 
rich state during combustion. 

An engine operating oh PCCI combustion principles has the potential for 
providing the excellent &el economy of the diesel engine while providing NOx and 
particulate emissions levels ibsit are much lower than that of current spark-ignited or 
di^el engine. For exanq^le, U.S. Patent No. 4,768,481 to Wood discloses a pit)pess 
and engine that is intended to use a homogeneous mixture of fuel and air which is 
spontaneously ignited. A controlled rate of combustion is said to be obtained by adding 
exhaust products to the ah-fuel mixture. A combustion chamber is connected to the 
engine cylinder and fuel gas is supplied to the chamber vik a check valve. A glow plug 
is positioned between the combustion chamber and the cylinder. The mixture entering 
the combustion is heated by the glow plug and by the hot walls of the combustion 
chamber. The mixture ignites due to the increase in temperature and the increase in 
pressure resulting from conq>ression. The Wood patent is specifically directed to a 
two-stroke engine, but generally mentions that the technology could be applied to a 
four-sttoke engme. However, this reference fails to discuss how the exhaust gas 
recirculation and glow plug would be controlled to optimize the start of combustion and 
to maintain the optimal start, and duration, of combustion, as load and ambient 
conditions change. A practical embodiment of this engine is unlikely to be capable of 
effectively controUmg and mamtainmg PCCI combustion without additional controls. 
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U.S. Patent No. 5,535,716 issued to Sato et al. , discloses a compression igm 
type engine whidi greatly reduces NOx emissions by introducing an evaporated fUel/air 
mixture into the combustion chamber during the intake event and early iio the 
xx)mpression event for self-ignited combustion later in the compression event. Hie 
amount of NOx emissions produced by tMs enigii^ is about one-third of that 
produced by a diesel engine. These principles are aisb set forth in SAE Technical 
Paper No. 960081, Aoyamai T. et al,, "An Eiq)erimental Study on Premixed-Gharge 
Conq)ression Ignition Gasoline Engine", February 26, 1996. However, these 
references do not specifically discuss controlling the timing of the start of combustiori 
and the rate of combustion. Moreover, the engine disclosed in thesib references only 
uses the heat generated by compression to igmte t^^ withbut the U% of any^ 

preheating. Also, these references do not suggest flie controls, nor the inanner of 
operating the controls, necessary to maintain stable combustion. Also, these references 
only disclose the use of gasoline. 

U.S. Patent No. 5,467,757 issued to Yanagihara et al., discloses a direct 
injection compression-ignition type engine in which fuel is injected into a combustion 
chamber during the intake stroke or compression stroke, before 60 degrees BTDC of 
the compression stroke, so as to reduce the amount of soot and NOx generated to 
substantially zero. These advantages are achieved by considerably enlarging the mean 
particle size of the injected fuel from the mean particle size used in conventional 
combustion processes to prevent the early vaporization of injected fuel after injection 
and by making the injection timing considerably earlier than conventional injection 
timing to ensure a uniformed fusion of the injected fuel in the combustion chamber. 
However, this reference nowhere suggests a manner of actively contra die 
combustion history, such as the tuning of the start of combustion and/or the duration 
of combustion. 
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Researchers have used various other names to refer to PCCI combustion. For 
exaiiq)le, Oiiishi, et al: (SA^ Technical ftiper No. 79G501, February 26-March 2, 
1979) called it " ATAC ", which stands for "Active Thermo-Atinosphere Combustion. " 
' ^^oguchiret-alv (SAE Technical-Paper No; 790840, September 1043; 1979) called it 
"tS"v which stands for "Toyota-Soken", and Najt, et al, (SAE Paper No. 830264, 

tc\o^\ — u iii^TTT/^ii— * n :^:^i.i^L.'z i i.^ ' L ^ ^x.. : ii 

iyo<j) uoiicu 11 x-^ixiv^ , vymi;ii . sumus xui uuuipx cssiuii-iguiii;u uuuiugcuc^uus uuai gc . 

Onishi, et al., worked with two-stroke engines They found that PCCI 
cpnibustion (ATAC) could be imade to occur in a two-stroke engine at low load over 
a wide speed range. Combustion stability was much better than in the standard engine 
and there were significant mq)rovements in fiiel economy and exhaust eniissions. 
Schlieren photography of the combustion was carried out with results quite similar to 
diose obtained in their combustion stiidies; It was found that combustion was initiated 
at many points in the combustion chamber. However, there were small time 
differences between the start of combustion of these many points . Also, the combustion 
ructions were found to requu'e a relatively long tune coiiipared to conventional spark- 
ignited flame propagation. To attain PCCI combustion, the following conditions were 
found to be important. The quantity of mixture and the air/fuel ratio supplied to the 
cylinder must be uniform from cycle to cycle. The scavenging "directivity" and 
velocity must have cyclic regularity to ensure die correct condition of the residual gases 
remaining in the cylinder. The temperature of the combustion chamber walls must be 
suitable. The scavenging passage inlet must be located at the bottom of the crankcase. 
It was found that at very light loads, PCCI was not successful because charge 
temperatures were too low. At very high loads, PCCI was not successful because the 
residual gas quantity was too low. In between these regions, PCCI combtistion was 
successful, 

Noguchi also obtained PCCI combustion in a two-stroke engine. Very stable 
combustion was observed, with low emissions of hydrocarbons (HC) and improved fuel 
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consumption. Operation in PCCI mode was possible between 800 and 3200 rpm and 
air/fiidl ratios between 11 and 22. Delivery ratios of up to 0.5 coidd be acliieiyed at idle 
conditions. They observed that combustion could start at lower temperattires and 
pressures than those required for conventional diesel combustion. The combustion 
behavior was different from that of conventional spark-ignited combustion. Ignition 
occurred at numerous pomts around, the center of the conibustiDii. chamber, and . the . : 
flame spread rapidly m all directions. The D^mbustion duration was $hpitef than fliat 
of conventional combustion. It was proven that ignition kernels were not generated 
from contaminants deposited on the combustion chamber walls (generally presumed to 
be the cause of "run-on" phenomena in conventional gasoline engmes). To gain a 
better understanding of the combustion, they set up an expeiimentid apparatus^^^^^^fo^^ 
detecting radices in the combustion chamber. It was found that the radicalis showed 
higher peaks of lummous mtensity that disappeared at an earlier time than with 
conventional ^ark-ignited combustion. In the case of conventional spark-ignition 
combustipn, all the radicals such as OiH, CH, C^, H, and CHO, HOj, O were observed 
at almost the same crank angle. However, with PCCI combustion, CHO, HOj and 0 
radicals were detected first, followed by HC, C^, and H radicals, and finally the OH 
radical. 

Najt, et al. were able to achieve PCCI combustion in a four-stroke engine: They 
used a CFR single-cylinder engme with a shrouded intake valve. Several compression 
ratiois were tried, and it was found that, although higher ratios would allow combustion 
at lower charge gas temperatures, they also resulted in excessively fast heat release 
rates: While acon^ressionratioof 7.5:l was satisfactory, a conip^^^^ 
was not. Intake ten^)erattlres were in die range of 480 ''K to SOO^'K. Then average 
energy release rates were considerably higher than those measured by Onishi and 
Noguchi. 
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SAE Paper No. 960742, entitled "Improving tie. Exhaust Emissions of Two- 
Stroke Engines by Applying the Activated Radical Combustion", Ishibashi, Y: et ai., 
1996, is noted as disclosing yet another study of fCCl combustion in a two-stroke. 
■-^enginer="";-" '^^^ - .... — . . , 

Although Onishi et al. , Noguchi et al., Naijt et al. and Ishibashi, iet al. have 
made sigiiiuo^t progress in undefstaiidiug PCCI combustioii, these references fail io 
suggest a practical PCCI engine hiaving a control systenii capable of maintaining stable, 
efficient PCCI combustidn with low (emissions by controlling the time at which 
cpmbustion occurs, the duration of combustion, the rate of combustion and/or the 
completeness of combustion. Specifically, these references do not suggest a PCCI 
: engine and control system capable of effectively controlling the stkrt of combustion. 
Moreover, diese references do not suggest a system capable of actively enhancmg the 
engine startability and achieving combustion balancing between the cylinders in a multi- 
cylinder engine. 

SAE Technical Paper No. 892068, entitled "Hdmogenieous-Charge Compression 
Ignition (HCCI) Engmes", Thring, R,, September 25. 1989, mvestigated PCCI 
operation of a four stroke engine. The paper found that PCCI required high exhaust 
gas reckculation (EGR) rates and high intake temperatures. It was shown that PCCI 
combustion produces fuel economy results conq)arable to a direct injection diesel 
engine and, that under favorable conditions, i.e. equivalence ratio of .5 and EGR rate 
of 23%, produces very low cyclic irregularity. This study also concluded that before 
PCCI can be made practical, it will be necessary to operate an engine in the PCCI 
mode widiout the need to supply large amounts of heat energy to the intake, the paper 
suggests two possibilities: tlie use of heated surfaces in the combustion chamber and the 
use of multirstage turbocharging without intercoolers. However, although this paper 
suggests further investigating the effects of EGR and intake temperature on the timing 
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of the start of combustion, this paper fails to disclose a system for (effectively achieving 
aic^ 

U.S. Patent No. 5,476,072 to Inventor cUscloses anoth^^ 
"^CI engine which includes at^ylinder head design that prevents excessive stresses and 
structural damage that PCCI enguies in^ Specifically , the head 

includes a movable accumulator piston which moves to Ihnit the peak cylinder pressure 
and temperature. Howevier, control over the movement of the pist6n is merely passive 
and, therefore, this engme is unlikely to effectively stabilize combustion. Moreover, 
this reference nowhere suggests controlling the tiniing at wMch rapid conibu^ 
occurs, nor how such control could be acc^ 

An October 1951 publication entitled "Operating durections - LOHNIANN 
BICYCLE MOTOR" discloses a two-stroke engine operating on ICC! combustion 
principles. Compression ratio is continuously adjustable based on outsid 
fuel, speed and load. However, this engine requires the dperaftor control the 
compression ratio niianually . Therefore, this engine could not provide effective active 
control of combustion to ensure efficient combustion with low emissions throughout all 
operating conditions. Also, manual adjusttnent of compression ratio alone, without 
automatic temperature, equivalence ratio and\or autoignitionprpperty control, will not 
result in stable, optimized combustion throughout all operating conditions. 

Conventional "dual fuel" engines operate on both a gaseous fuel mixture and 
diesel fueL However, conventional dual fuel engines utilize the timing of the injection 
of diesel fuel to control die SOC of the fiiel/air mixture received from the intake duct. 
In order to sichieve this result, dual fiiel engines mject the diesel fuel at approximately 
top dead center. In addition, the quantity of diesel fuel injected in a dtial fuel engine 
is sufficient to ensure that the gaseous fuel in the combustion chamber ignites and burns 
virtually completely. As a result, dual fuel engines produce emissions similar to most 
conventional diesel and natural gas engines. In particular, in known dual fuel engines 
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using diesel fuel and natural gas at high load, only a small amount of diesel fuel is 
required to start ignition and the emissionsi produced would be siniilar to a spark ignite 
natural gas engine. Under other conditions when substantial diesel fuel is injected, the 
eniissions produced would be similar to a conventional diesel engine. 

Consequenfly , there is a need for an engine operating on PCCi principles which 
includes a combustion control system capable of effectively controlling the tiniing of 
the start of combustion or location of combustion, and the rate or duration of 
rombustion dimng engine operation. 

SUMMARY OF THE B^NTION 

A general objective of the subject iijvOT^ 
the prior art by providing a practical PCCI engine and a control system for effectiyely 
and efficientiy operatmg the PCCI ei^ine. 

Another object of the present invention is to provide a PCCI engine and control 
scheme for controlling the engine in a manner to optimally minimize emissions, 
especially oxides of nitrogen and particulate emissions, while maximizing efficiency. 

Yet another object of the present invention is to provide a PCCI engine and 
control system for optimally controlling the combustion history of subsequent 
combustion events to effectively control the, combustion event 

Still another object of the present invention is to provide a PCCI engine and 
control system for effectively controlling PCCI combustion in such a manner to achieve 
acceptable cylinder pres5mre while minimiy itig rx>nib^i5^ni^ lioisf 

A further object of die present mvention is to provide a PCC 
system which operates to actively control die combustion history of future combustion 
events during engine operation by sensing an engine operating condition indicative of 
the combustion history. 
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A still further object of the present invention is to provide a PGCI engine and 
control system which effectively controls various engine operating control variables to 
control the time at which the combustion event oa:urs during the cpnq)resj5ion 
expansion events of lhe engine:^ 

Yet another object of the present invention is to provide a peCL engine and 
control system which effectively ensuEes ihat coinbusiion occurs at wl appropriate cnmk 
angle during the engme cycle to ensure stobie combusldbn, low emissions, ^ 
pressure levels and optimmn efficid^ 

Another object of the present invention is to provide a PGGI engine and control 
system which effectively controls the temperature, pressure, equivalence ratio and/or 
air/fuel mixture autoignitibn properties to pri^isdy c^^ timing of the start of 
combustion. 

A still further object of die present invention is to provide a PCCI engine and 
control system which effectively achieves continuous, stable PCCI combustion while 
achieving acceptable cylinder pressures and the desired brake niean effective press^ : 

Yet another object of the present mvention is to provide a PCCI engine and 
control system which effectively controls the commencement of combustion and the 
combustion rate so as to ensure that substantially all of the conibustion process occurs 
wifliin an optimal crank angle lunit, i.e. 20 degrees BTDC through 315 degrees ATDC, 
while m inimi/ing emissions and niaYinrii?iiTig efficiency 

Anoflier object of the present invention is to provide a PCCI engine which can 
be easily started. 

Still another object of the present invention is to provide a multi-cylmder PCCI 
engine and control system which effectively mitiimjzes Variations in the combustion 
events of the cylmders. 

Yet anotiier object of the present mvention is to provide a multi-cylinder PCCI 
engine and control systeni which effectively controls the start of combustion to achieve 
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stable^ low emission, efficient combustion throughout exposure to changes in engine 
load and ambient conditions. 

Anodier object of Represent invention is to p^^^ 
--enginie^ich-eiffectively detect^^^^^ to provide fe^back 

control and then controls the operating conditions of the engine to optinuze the start of 

MJillUUdUUll. . . 

iSdll another object of the present invention is to provide a PCCI engine and 
control system which effectivdy niinmuzes ttie unbum^ hydrocarbon and carbon 
monoxide emissions. 

The above objects and others are achieyed by providing a premixed charge 
compression ignitioh internal combustion engine, comprising an engine body, a 
combiistion chanib^ formed in the engine body and combustioii history control system 
for condrolling a combustion history of future combustion events to reduce emissions 
and optimize efficiency. The combustioii history control system includes at least one 
of a tenqierature control system for vaiyiog the tieiDi^)eniture of the mixture of fuel and 
air, a pressure control system for varying the pressure of the mixture, an equivalence 
ratio control system for varying an equivalence ratio of the mixture and a mixture 
autoignition property control system for varying an autoignition property of the 
mixture; The engine further includes an operating condition detecting device for 
detecting an engine operating condition indicative of the combustion history and 
generating an engine operating condition signal indicative of the engine operating 
condition, and a processor for receiving the engine operating condition signal, 
determining a combustion history value baised on the engine operating condition signal, 
and generating one or moire control signals based o Hie 
one or more control signals are used to control at least one of the temperature control 
system, the pressure control system, the equivalence ratio control system and the 
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mixture autoignition property control system to variably control the combustion history 
of future conibustioii events. 

the engine operating condition detectmg device my include at 
combustion sensor for sensing the start of combustion and generating a start of 
combustion signal. Also, the combustion history value may be determined based on 
the start of combustion signal. The ciigiuc operating condition detecting device inay 
be a (^linder leisure sensor. 

BRIEF DESCRIPTION OF im 

Fig. la is a schematic diagiam oif one embodiment of the present inyentibn 
showing a single cylinder of the engine oiE Fig. lb and associated control system; 

Fig. lb is a schematic diagram of a multi-cylinder engine of the present 
invention; 

Fig. 2 is a graph showmg cylinder pressure and heat release rate as a function 
of crank angle for die PCCI engme of the present mvention; 

Fig. 3 is a graph showmg the apparent heat release rate as a function of crank 
angle for several different engine operating conditions; 

Fig. 4a is a graph showmg knock intensity as a function of time for a given set 
of operating conditions; 

Fig. 4b is a graph showmg gross indicated mean effective pressure (GIMEP) as 
a fimction of time; 

Fig. 4c is a graph showing peak pr^sure as a iimdtion of time for the same 
conditions of Figs. 4a and 4b; 

Fig. 5 is a graph showing apparent heat release rate as a function of crank angle 
and illustrating the increase in the heat release rate duration as the combustion or heat 
release location or timing is retarded; 



wo 99/42718 



PCTAJS99yp32S9 



■ •• ■ -14- •• • 

Fig. 6 is a graph showing cylinder pressure as a function of crank angle and 
illustrating the decrease in pe^ cylinder pressure as the heat release rate retards; 
FIG 7a. is a graph showing GIMEP as a function of intake manifold temperamre 
Hot iwo^ifferent engin&^eed cases; — - r ^ _ 

Fig, 7b is a graph showing the coefficient of vam 
pi intake jiiiaiji^^ 

Fig. 7c is a graph showii^ peak cylinder pressure as a function of intake 
miantfoW temperature for two different engine speeds; 

Fig. 7d is a graph showing the start of pombustion as a function of intake 
manifold temperature for two different engine speeds; 

Fig. 7e is a graph showing heat release duration in crank aiigle degrees as a 
function of intake manifold temperature f^^ 

Fig . 7f is a graph showing heat release duration in time as a function of intake 
manifold temperature for two different engine speeds; 

iFig. 7g is a graph showing gross indicated thermal efficiency as a function of 
intake manifold temperature for two different engine speed[s; 

Fig. 7h is a graph showing fuel specific hydrocarbons as a function of intake 
manifold ten^)erature for twp different engine speeds; 

Fig. 71 is a graph showing fuel specific carbon monoxide as a function of intake 
maqifold temperature for two different 

Fig. 7j is a graph showing fiiel specific oxides of nitrogen emissions as a 
function of intake manifold temperature for two different engine speeds; 

Fig: 7k is a graph showing noise as a function of intake marufoid teiiq)erature 
for two different engine qieeds; 

Fig. 8 is a graph showing apparent heat release rate as a function of crank angle 
for three different intake manifold temperatures; 
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Fig. 9 is a graph showiag both the start of combustion and combustion duratioii 
as a function of wall ten^)erature 

Fig. 10 is a graph showing both the start and end of combustioh is a^^^i^ 
erank-angle for a given time period^ and GENffiP for the same time period, whetem a 
glow plug is cycled; 

Fig. 11 is a .graph shewing the ^parent heat release rate as a Kuiciioii of crank 
iangle for the glow phig^t^^ 

Fig. 12 discloses one eml)odiment of an e^^^ 
present invention for providing cylinder-to-cylmder temperature contfol; 

Fig. 13 is a schematic diagram of a second embodiment of the end cylinder 
compensating device for providing cyliioder-tiDH^y Under temperature cbhtrol; 

Fig. 14 is a graph showmg die effects of changing intake and exhaust valve 
opening and closmg events on top dead center (TDC) temperature; 

Fig. 15 is a graph showing the effects of changing intake and exhaust valve 
opening and closing events, and variable con4)ression ratio, on the residual mass 
fraction and temperature at top dead center; 

Fig. 16 is a graph showing bodi cylinder pressure and heat release as a function 
of crank angle for different exhaust valve lash settings; 

Fig. 17 is a graph showing the effects of varying exhaust gas recirculation 
(EGR) on the location of the heat release rate relative to the crank angle and the effect 
of variations in EGR on the magnitude of the heat release rate; 

Fig. 18 is a graph showing the effect of varying the EGR rate on the timing of 
the start of combustion; 

Fig. 19 is a schematic of an improved engine of die present invention having one 
cylinder bperatmg under PGGI conditions to optimize the use of EGR; 

Fig. 20 is a graph showing the effects of changmg compression ratio on the 
temperature at top dead center; 
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Fig. 21 is a graph showing the start of combustioh as a function of intake 
manifold temperattire and the effects of dianging the compr^sion ratio on the start of 
conibustion arid ktake manifold temperatiire;\^ ^ ^ ' 

~T~r^'igt^22a is^artial cros view of one cylinder of die PCCI engiie of 

the present invention including one embodiment of a conq)ression ratio varying device; 

. 'Clr^ OOVk lf* t% •Mrk^^.f^i ^^^^^ ^^^4.1^^\^t _^^t-_ n^d^-w ■* ■ ■ /• 

X 15, to a^poitAoi criusd ac^uuiim view ui uuc uyiiuucr ui luc rv^ci eugme 01 
the present invention showing a second embodiment of a con[q)ression ratio varying 
■■ 'device;'- • 

Fig. 22c is a partial cross sectional view of one cylinder of the present PCCI 
engine showing a third embodiment of the conq)ressi6n ratio vaiying deyice; 

Fig; 22d is a partial cross sectional view of a single cylinder of the present PCCI 
engine showing a fourth embodiment of the conq)ression ratio varying device of the 
present invention; 

Fig. 23 is a schematic diagram of an opposed piston PCCI engme of the present 
invention including a variable phase shifting mechamsm ifor varying the compression 
ratio; 

Fig. 24 is a side view of the differential mechanism used in the variable phase 
shifting mechanism of Fig. 23; 

Fig, 25 is a graph showing compression ratio as a fimction of the degrees out of 
phase of two pistons m the opposed piston engine, for example, of FIG 23 illustrating 
various compression ratio settings; 

Fig. 26 is a graph showing cylinder volume as a fimction of crank angle of a 
reference piston in an opposed piston PCCI engine which shows that the compression 
ratio decreases as the pistons become more 

Fig. 27 is a graph showing the effects of changing intake and exhaust valve 
opening and closmg events, and varying the compression ratio, on the percent of 
baseline airflow rate and the TDC temperature; 
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Fig. 28 is a graph showing the effects of changes and intake k exhaust valve 
opening and closing events, and varying the cpn^ression ratio, on the diesel equivalent 
brake specific fael consw 

-- — Figr 29 is a graph-showing the effects of changes and intake in exhaiist valve 
opening and closing events, and variations in comp 

Fig. 30 is a graph showipg ihe effects of water injection on intake n^ 
teinperature and temperature at top d^ 

Fig. 31a is a graph showing the combustion duration in crank ajigle degrees as 
a function of intake mamifold pressure (JMP)^^^^ 

Fig. 31b is a gr^h showing combustion duration in tinie as a fmiction of IMP; : 

Fig. 31c is a graph showing the effect of changes in IMP on the niaghitude and 
tiniing or location of the heat release rate; 

Fig. 3 Id is a graph showing the start of combustion timing an^ 
degrees as a function of BMP; 

Fig. 31e is a graph showing ftiel specific hydrocarbons as a function of IMP; 

Fig. 3 If is a graph showing GIMEP as a function of IMP; 

Fig. 31g is a graph showing gross indicated thermal efficiency as a function of 

IMP; 

Fig. 31h is a graph showing fuel specific carbon monoxide as a function of IMP; 
Fig. 31i is a graph showmg fuel specific oxides of nitrogen emissionis as a 
function of IMP; 

Fig. 31j is a graph showmg the coefficient of variation of Gl^ffiP as a function 
of IMP; 

Fig. 31k is a graph showing the peak cylinder pressure as a function of IMP; 
Fig. 311 is a graph showmg noise as a function of IMP; 
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Fig. 31m is a graph showing the effects of mcreasing IMP on peak cylmder 
pressure aJtid GIMEP; 

Fig, 32 is a graph showing the effect of various trace species on a start of 
comhistibn and^ , _ - _ 

Fi^^ graph showing the effects of additional amounts of ozone on 

adVauciug the siari of combusiion; 

Fig. 34 is a graph showmg the effect of varying die type of fuel used in the 
preseiit peer engine on the start of combustion wherein the increase in temperature 
indicates the start of combustion; 

Fig. 35 is a graph showing the apparent heat release duration as a function of 
equivalence ratio; 

Fig. 36 is a graph showmg the start of combustion in crank angle degrees as a 
fimctidn of equivalence ratio; 

Fig. 37 is a graph showing the effects of variations in equivalence ratio on the 
start of combustion wherein an increase in temperatute indicates the start of 
combustion; 

Fig. 38 is a graph showing the effects of variations in the equivalence ratio on 
the magnitude and timing, or location, of the heat release rate; 

Fig. 39 is a graph showing the effects of equivalence ratio on the compressor 
pressure ratio and the compressor oudet temperature; 

Fig. 40 is a graph showing the effects of varying the equivalence ratio on the 
brake specific fuel consumption; 

Fig. 41 is a graph showing the differences in pumping niean effective pressure 
and GIMEP for two differently si2«d turbine casiii^s; 

Fig. 42 is a graph showing the diesel equivalent BSFC and BMEP for two 
differenUy sized turbine casings; 



wo 99/42718 



PCTA;S99/03289 



-19- 

Fig. 43 is a graph showing the turbine rotor speed and intake nuinifold pressure 
! for two differendy sized turbine casing 

Fig- 44 is ia graph showing the fuel specific oxides of nitrogen emissions for 
PCGI combustion with various fuels in comparison to a typical compression ignitioh 
diesel engine; 

Fig. 45 is a graph showing eniissioi^ 

Fig. 46 is a graiph lowing emissions as a function of ten:q)erature at lx)tt6m dead 

■ •'center;. 

Fig . 47 is a graph showing fuel specific carbon monoxide as a ftmctioh of end 
, of combustion flame tenq>erati^ 

Figs. 48a-50b are psutial cross sectional views of a single cylinder of the pCCI 
engine of the present invention showing an alternative embodiment including vairious 
creyice minimizmg features; and 

Fig. 51 is a graph showing the effects of various percentages of diesel pilot 
injections on the heat release rate location 

Fig. 52 is a schematic diagram of one embodiment of the present invention 
showing a flapper valve for controlling intake air flow; 

Fig. 53 is a graph showing cumulative heat release and the determined SOC as 
a function of the crank angle using closed loop control in the PCCI engine of the 
present invention; 

Fig. 54 is a graph showing the GIMEP and intake manifold temperature as a 
function of the start of combustion; 

Fig. 55 is a graph showing pressure as a function of volume for a conventional 
peer combustion event; 

Fig. 56 is a graph showing pressure as a function of volume for one embodiment 
of the present invention including a constant pressure portion; 
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Fig. 57 is a schematic diagram of anotlier embodiment of the present PGCI 

.-engine;', 

Fig. 58 is a schematic diagranoL of yet anodier embodiment of the present 
• W a pumping cylinder to enhance engine thermal efficiency; 

Figs. 59A-59D illustrate the various positions of the power pistons and the 

pumpuj^ pidtujio ui uic ciiiinjumi^ut at uiii^iciu puiiud ui a Cy\^i^, 

Fig; 60 is a schematic diagram of still another embodiment of the PCCI engine 
of the present invention inclii^ a pumping cylinder to enhance engine thermal 

efficiency; 

Fig. 61 is a graph showing the effective flow area of the exhaust valves and 
intake valves of the enginie of Fig. 60 as a iimction of crank angle; 

Figs. 62A-62E illustrate the various positions of the power jpistons and the 
pumping pistons of the engme of Fig. 60 at different points in a cycle; 

Fig. 63 is a schematic diagram showing another embodiment of the present PCCI 
engine including a displacer for controlling SOC; 

Fig. 64 is a schematic diagram of the engine of Fig. 63 showing the displacer 
moving between positions; 

Fig. 65a-65d disclose an embodiment of the present invention including variable 
exhaust valve closmg to control EGR; 

Fig. 66 is a schematic of one embodiment of controlling exhaust yalve timing 
to control EGR; 

Fig. 67 is a detailed view of the hydraulic link system used in the embodiment 
shown in Fig. 66; and 

Fig. 68 is a schematic diagram of a second embodiment for controllmg die 
timing of exhaust valve closing to control E 
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DETAU^D DESCRI^^ 

The present invention is directed to an improved premixed charge doinpression 
ignition (PCCI) engine and control scheme for controlling the engine in a manner to 
optunally minimize emissions while maximizing efficiency. For the puiposes of t^^^ 
appuL^auuu, ry^K^i icicis lu any engme or comousuon process m wmcn: i) me yasi 
majority of the fiiel is sufficiently premixed with the air to form a combustible tnixture 
throughout the charge by die time of ignition and throughout combustion; and 2) 
combustion is initiated by compression ignition. PCCI also refers to any coinpfession 
ignition engine or combustion process in which the fuel and air are prejoMxied long 
l>efore ignition. As a result, the timmg of injection of the fad^ I^CI engine dbe^^^^ 
not significaaitly affect the timmg of ignition of die fiiel/air mixture; Alsov it shoi^^^^ 
understood that PCCI is meant to encompass homogeneous charge compression ignition 
(HCCI) engines and processes wherein ttie mixture exists in a homogeneous, or nearly 
homogeneous stkte, at the start of combustion. In the present inyentibn, the fiiel/an- 
mixture is thoroughly mixed to form a very lean homogeneous mixture, or is mixed in 
a manner to form a less homogeneous mixture with a desired air/fiiel stratification, to 
ensure relatively even, low flame temperatures which result in extremely low oxides 
of nitrogen (NOx) emissions. It should be understood the some engines operate under 
PCCI conditions continuously while other engines may operate under PCCI conditions 
for only a limited period of operation either by design or inadvertently. 

Applicants have recognized that the key to producing a commercially viable 
PCCI engine lies in the control of the combustion history of subsequent or fiiture 
combustion events in such a numner so as to result m extremely low NOx emissioiis 
combined with very good overall efficiency, combustion noise control and with 
acceptable cylinder pressure. The combustion history for a particular cycle may 
include die time at which combustion occurs (combustion timing)* the rate of 
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combustion (heat release rate), the duration of combustion and/pr the completeness of 
pombustion. Applicants have determined that the combustion history, aiid especially 
the combustion timing, is sensitive to, and varies depending on, a variety of factors 
"fflcluding changes in load and ambient conditions. The engine and control system of 
the present mvention operates to actively control the combustion history of future 
Combustion events during engine operation to ensure the desired combustion iand engine 
operation is maintained. In the preferred embodiment, the present engme and coiitrol 
system controls the combustion timing during the compression and expansion events 
of the engine. 

Figs, la and lb illustrates the PCCI engine and control systeim of the jpresent 
invention, indicated generally at 10. Fig. la shows a singte engine cylinder 12 of the 
miilti-cylmder reciprocating piston type engine shown in Fig. lb. Of course, the PCCI 
control system of the present invention could be used to control PCCI combustion in 
an engine havmg only a single cylinder or any number of cylinders, for example, a 
four, six, eight or twelve cylinder internal combustion engine. In addition, althoujgh 
the present PCCI control system is prunarily discussed with reference to a four stroke 
engine, the present control system could be applied to a two stroke engine. Also, the 
PCCI system of the present invention may be adapted for use on any internal 
combustion engine having compression, combustion and expansion events, including 
a rotary engme and a free piston engme. 

As shown in Fig. la, a piston 14 is reciprocally mounted in the cylinder to form 
a combustion chamber 13. The piston transmits forces generated by a combustion 
event mto a conventional engine drive system, Referring to Figs, la and lb, an intake 
air system 23 including an intake manifold 15 supplies mtake air, or an au-/fuel niixt^^ 
to a respective intake port 26 associated with each cylinder 12. Likewise, an exhaust 
gas system 27 including an exhaust manifold 17 receives exhaust gases flowmg froni 
exhaust ports 31. One or more intake valyes, such an intake valve 19 and one or more 
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exhaust valves, such as exhaust valve 21 , are moved between open aud closed positions 
by a conventional Valve, control system, or a variable valve timing system^ to ipbntrol 
the flow of intake air or air/fuel mixture into, and exhaust gases out of, die cyliiider, 

-""respectively. ,. ■ 

The PCCI system 10 includes a combustion sensor 16 for sensmg or detecting 
an engine operating condition indicative of me combustion histoiy and generating a 
corresponding signal 18. In die preferred embodiment, sensor 16 piemiits effective^ 
bombustion control capability by detecting an engine operating condition or parambter 
direcfly related to, or mdicative of , the time at which the combustion event occurs 
during the compression and\or expauosion strokes; i.e. jpreferably : th^ 
combustion (S6C) . For example^ a cylinder pressure; sensor may be provided on any 
or all engine cylinders for sensing, on a cycle-by-cycie basis, the SOC. In this 
the sensor 16 also provides other engine condition data, such as the combustion rate, 
combustion duration, crank angle at which peak cylinder pressure occurs^ combustion, 
event or heat release location and emi of coinbustion data, any one of which may be 
used instead of the start of combustion data. Any conventional means for detecting the 
start of combustion may be used, for exanq)le, by sensing the very rapid increase in the 
cylinder pressure. Other forms of sensors could be used including accelerometers, ion 
probes, optical diagnostics, strain gages and/or fast thermocouples in die cyliiider head, 
liner or piston. Also, torque or RPM sensors could be used to detect changi^ 
torque and RPM associated witti each combustion event. Alternatively, or additionally, 
an emissions sensor could be used to detect emissions having a known correlation to : 
the completeness of combustion. 

Sensor 16 provides feedback control to an electronic control unit 20 (ECU). 
ECU 20 receives signal 18, processes the signal and determines an actual combustion 
history value, i.e. start of combustion value. The actual combustion history yalue is 
then compared to a predetermined desired combustion history value obtained, for 
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example, from a look-up table. Based on the comparison of the actuaLl combustion 
history value to the desired combustibn history value, ECU 20 then generates a 
plurality of output signals, indicated at 22, for variably controlling respective 
components of the system so as to effectively ensure, m the preferred embodiment, that 
the SOC and completion of combustion occur between 20 degrees before top dead 
center (BTDC) during the compression stroke and 35 degrees after top dead center 
(ATDC) during the power stroke of the piston thereby niininiizing NOx emissions 
while niiaximizing engine efficiency. The PGCI combustion control scheme is most 
preferably implemented in jsoftware contained in ECU 20 that includes a central 
processing unit such as a Mcro-controUer, niicro-prbcessor, or other suitable nucro- 
conq)uting unit. Of course, tbe position of the piston can be determmed by detecting 
the angtilar position of the crankshaft or sensing the actual position of the piston. 

As discussed herein, PCCI system 10 may include various components for 
optimizing the combustion event. The objectives of the present system, i.e. low oxides 
of nitrogen (NOx) emissions, high efficiency, etc, may be iichieved using any onie of 
the various control components, or any combination of the components. In particular, 
as shown m Fig. lb, a compressor 24 may be provided along an intake air system 23 
upstream of intake manifold 15 for varying the boost intake pressure. Compressor 24 
may be driven by any conventional means, such as an exhaust gas driven turbine 25. 
A bypass circuit 33 including a waste gate Valve 43 may be provided in a conventional 
manner. A second compressor or supercharger 58 may be provided upstream of 
compressor 24. Supercharger 58 is mechanically driven by the engme drive system. 
A charge an: cooler 28 may also be provided downstream of compressor 24. Also, an 
intake air heater 30 (such as a burner, heat exchanger or an electric heater) may be 
provided, for example, after cooler 28 as shown in Fig. lb, or alternatively, upstream 
of comprejssor 24. Also, an individual heater 29 may be provided m the intake port 26 
associated Witii each cylinder 12 io provide quicker control of the intake manifold 
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temperature for each cylinder to eiihance both individual cylinder combustion control 
and balancing of combustion between the cylinders. Compressor 2^ 
heater 30 each include control devices for yaryii^ the effect of flie particlilar 
component on the pressure/temperature of the intake air or mixture. For example, a 
bypass valve or waste gate 43 could be used to regulate the amount of exhaust gas 
supplied from the associated exhaust system/wmch is conii 

to turbine 25 thereby varying die intake pressure as desired: Similarly i a control valye 
couldbe provided in the cpolmg fluid flow path supplied to c^ to permit variable 
control of the coolingeffect of cooler 28. Likewise, various types of variable controls 
could be used to vary the heatimg efiSect of heater 30. Output sighals 22 from ECU 20 
are supplied to the various control devices to control conq)ressor 24, cooler 28 and 
heater 30 so ias to variably control th6 pressure and temperature of the intake air or 
mixture preferably on a cycle-by-cycle basis. 

In addition, the PCCI system 10 may include a plurality of fuel supplies 32 and 
34 for supplying fiiels havmg different autoignition properties (for example, different 
octane or methane ratmgs, or activation energy levels) into the intake air flow. Fuel 
control valves 39 and 41 are used to control the amount of each fuel supply 32, 34 
delivered, respectively. For example, fuel may be supplied along the intake air path 
between cooler 28 and ak heater 30 as shown m Fig. lb. Of course, fuel could be 
introduced at various locations along the intake of the engine, such as upstream of die 
cooler, e.g. upstream of die compressor. Alternatively, the fuel could be injected, by 
for example an injector 35, into the respective mtake duct 26 associated widi each 
cyluider, as shown m Fig. la, 

The present PCCI system 10 also unporlantly includes a variable compression 
ratio means 38 for varying the compression ratio so as to advantageously advance or 
retard the combustion event as desired. For example, variable compression ratio means 
38 may be m die form of a control mechanism for varyiug the shape of the conibustion 
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chamber or height of the piston to vary the effective compression ratio. The effective 
con^ression ratio coidd also be varied by viuymg the timing of closing of intake valve 
19 as discussed more fiilly hereinbelow. The variations in the timing of opening and 
closing of the intake and exhaust v^^ conventional 
variable valve timing actuator system capable of receiving signals from ECU 20 and 
effectively varying the opeiiiiig and/or closing of the valves in accordance with the 
principles set fordi herembelow. ; 

In addition, in-cylindeir diluent injection may be accomplished using an injector 
40 for injecting a gas or liquid, e.g. air, nitrogen, carbon dioxide, exhaust gas, water^ 
etc. , into the cylinder to vary the temperature and (he temperature distribution in the 
cylinder so as to control the combustion eveht. Similarly, a diluent may be injected 
mto intake duct 26 using, for example, ah injector 42. 

The present PCCI system may also include a fuel injector 36 for injecting fuel 
37, e.g. diesel fuel, directly mto the combustion chamber. Fuel 37 would be injected 
either early m the compression event, preferably approximately between 18Q degrees 
and 60 degrees BTDC, as described below, or later in the compression event near 
TDC. 

By injecting the fuel 37 early in the compression event, it is much more 
dioroughly mixed with the iuel/air mixture received from the intake duct than would 
be the case for a diesel engine, thus ensurmg a more deskable combustion process, in 
particular the fuel will burn at a leaner equivalence ratio which results in much lower 
NOx emissions. The start or initiation of the combustion (SOC) of the fiiel/air mixture 
received from die intake duct may be varied by controlling die quantity of fuel 37 
injected. For instance, an earlier combustion event may be achieved by increasing the 
quantity of fuel 37 while the timing of the combustion event may be delayed by 
decreasing the quantity of fuel 37 injected. 
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By injecting the fuel 37 later in the conq)ression stroke, that is near TDCr 
conventional diesel fiiei injection systems can be used. This approach codd 
combined with the introduction of one or more additional types of fiiel in die intake 
"manifold to achieve a PGCI mode of operation. In particular, die fuel injected into the 
intake manifold would have a higher excess air ratio. The excess air ratio is the actual 
air-fuel ratio of the engine divided by the air-fiiei ratio at stoichiometric conditions. 
For the very lean excess air ratio, combuistion along; a flame front is impossible. 
However, autbignition is possible thereby aUowing con^^ 

be too lean to bum in a typical spark-ignited engine. Applicants have determined diat 
PCCI combustion does not initiate at, and propagate put from, a single location. On 
the contrary, the results show that combustion includes multiple ignition sites 
distributed throughout jOie combustion chamber. 

For efficient, low emission PCCI combustion, it is unportant to have combustion 
occur during an appropriate crank angle range during the engine cycle. If combustion 
starts too early, cylinder pressures will be excessively high and efficiency will suffer. 
If combustion starts too late, then combustion will be incomplete resulting hi poor HC 
emissions, poor efficiency, high carbon monoxide (CO) emissions, and poor stability. 
Applicants have determined that the timing of the SOC and the combustion rate, and; 
therefore combustion duration, in a PCCI engine primarily depend on the temperature 
history; the pressure history; fael autoignition properties, e.g. octane/methane rating 
or activation energy, and trapped cylinder charge air composition (oxygen content, 
EGR, humidity, equivalence ratio etc.). The present invention presents a structured 
approach to affecting these variables in such a way that the start of combustion and/or 
the combustion rate (heat release rate) can be controlled dirough various combiimtions 
of features discussed more fully hereinbelow. 
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The various control features for controlling the start of combustioh and the 
combustion rate are controlled/varied to ensure optimum combustion throughout engine 
operating conditions so as to achieve low NOx emissions and high efficiency. 
Application of fliese control features will cause combnstron to occur within a preferred 
crank angle range relative to the top dead center position of the engine piston. 
Specincaiiy, applicants have recognized mat substandaily ail of me combustion event 
should occur between 20 crank angle degrees BTDC and 35 crank angle degrees 
ATDC, Also, combustion would be initiated, preferably between 20 crank angle 
degrees BTDC and 10 crank angle degrees ATDC, and ideally, approximately between 
10 degrees BTDC and 5 degrees ATDC. In addition, the duration of die combustion 
event will typically correspond to a crank angle in the range of 5 - 30 crank angle 
degrees. Preferably - however, one or more of the control features listed below will be 
controlled to prolong the duration of combustion to approximately 30-40 degrees to 
achieve desurable peak cylinder pressures and reduced noise. Thus, optimal control of 
one or more of the foUowmg featmres will eflFectively control the start of combustion 
and/or the rate of combustion such that substantially all of the combustion event occurs 
between 20 crank angle degrees BTDC and 35 crank angle degrees ATDC. Of course, 
there may be conditions under which the start of combustion occurs outside the above- 
stated crank angle range and/or the duration of combustion in the PCCI engine occurs 
over a broader crank angle range, or may extend beyond the limit described above. 

Applicants have shown tihat stable, efficient PCCI combustion can be achieved 
wifli most of the heat release occurring after TDC. For example, as shown in Fig. 2, 
the centroid ofh(6at release may be positioned at 5^ ATDC . AppUcant have determined 
that, at light load and lean coiiditions, as shown in Fig. 3, heat release duration may be 
in the range of approximately 21.5 - 25 crank angle degr^ . 

As shown in Figs. 4a, 4b and 4c, applicants have determined that with an engine 
running close to its mis&e limit, die SOG and end of combustion (EOC) progressively 
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retard and heat release duration lengthens. Gross indicated mean effective pressure 
(GIMEP) passes through a maximum asi the SOC retards to after TPC. Meanwhile, 
the knock intensity and peak cylinder pressure (PCP) decrease substantially close to the 
msfifd limit;~while GIMEF reiSmiM in Fig . 5 , the peak heat 

release rate also decreases and die heat release duration increases as the misfire limit 
is approached. Meanwhile, as shown in Fig. 6, the peak cylinder pressure decreases 
as the heat release rate retards. Clearly, the engine cannot sustain this reactibn process 
without providing the appropriate controls discussed herein. Applicants have 
detennined that the best operatuig point occurs with the SOC occurring a fey/ degrees 
after TDC. Certainly, unprovmg the PCP-GIWEP^^^^^ for PGCI combustion 
requures a SOC after TDC. As a result^ it is clear that variable, active control is 
necessary to maintain the SOC and duration of combustion at the desired location and 
at the desired length, respectively, to achieve effective, efficient PCCI combustion. 

Variation in the SOC, between sequential combustion events in a single cylinder 
engine and between cylinders in a naultincylmder engine, is diie to the sensitivity of 
PCCI combustion to the pressure and temperature history leading up to the particular 
combustion event. Very small variations m the compression ratio, the amount of 
trapped residual, wall temperatures, etc. have a significant effect on the pressure and 
temperature history. The present PCCI engme and method of operatmg the engine 
mclude control variables/features capable of con5)ensating for^ and controlling, these 
variations to achieve optimum PCCI combustion. 

Generally, the control variables, which can be used to effectively control the 
commencement of combustion and the combustion rate so as to ensure that substantially 
all of the combustion process occurs within the optimal crank angle limit, i.e. 20 
degrees BTDC through 35 degrees ATDC while minimizing emissions and maximizing 
efficiency, may be classified in four categories of control: temperature control; pressure 
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control; control of the mixture*s autoignition characteristic; and equivalence ratio 
,'control. • ^ " ■ 

The temperature of the in-^ylinder air/niel mixture (inK^yiinder temperature) 
plays ail unportant role in determining the stjut of combustion. The in-cylinder 
temperature niay be varied to control the start of combustion by varying certain key 
control features, such as compression ratio (CR) , intake manifold temperature (IMT), 
ejdiaust gas recirculation (EGR^ residual mass fraction (RMI^, heat traiosfer and 
tenq)erature stratification. 

Applicants have determined that intake manifold temperature (IMT) has a 
significant effect on propane-fueled PCCI combustion. During two of Applicants* 
studies^ engine speed, equivalence ratio (c|) ) and intoke nianifold pressure (IMP) were 
held constant while IMT was swept through the practical operating range. The lowest 
IMT was limited by unstable operation and the highest IMT was limited by maximum 
allowable peak cylinder pressure (PCP). The conditions of the first and second studies, 
respectively, included engine speed = 1200 rpm and 20(X) rpm; equivalence ratio == 
.30 and .24; wdJMP = 3.3 bar and 4.1 bar. As shown in Figs. 7aand 7b, increasing 
IMT resulted in mcreased GIMEP and a decreased coefficient of variation (CoV) of 
GIMEP. Also, increasing IMT increased the PCP as shown in Fig. 7c, while 
advancmg the SOC and decreasing combustion duration (Figs. 7d-7f). Increasing IMT 
also increased gross indicated thermal efficiency (Fig. 7g) and the estimated noise (Fig. 
7k). With respect to emissions, increasing IMT decreaised FSHC emissions (Fig. 7h), 
decreased fuel specific carbon monoxide (FSCO) emissions (Fig. 7i), but had no 
observable effect on FSNOx (Fig, 7j). 
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In 3unin^ry, Applicants Mvejdeteilnmed small changes in IMT have large 
: effects on many aspects of propane-fueled PCCI combustion. By varying the mtake 
temperature, the combustion eyent can be advanced or retarded. Increasing thein^e 
temperature will advance the start of combustion; decreasing the intake temperature will 
retard the start of combustion, ks shown graphically in Fig. 8. This temperature 
control may be accomplished using heat exchangers or burners. For example, a charge 
ah cooler miay be positioned along the intake manifold^ A burner or heater in 
combination with a cooler offers exceptional mtake temperature control. The exhaust 
jproducts of the burner may be direcdy mixed with the intake air, the burner could use 
the intake air direcdy for its air supply, or the heat generated by the burner could be 
added to die intake ah du-ough a hdit exchanger. The heat exchanger may use waste 
heat in engine coolant or exhaust gases to heat the mtake air. Also, rapid contirol of 
IMT can be achieved by using a charge ah cooler bypass. For example, Fig. 52 
discloses a system 65 to control intake air temperature in ah engine 66 at many 
operathig conditions. One or more valves, such as a flapper valve 67, ju-e used to 
control the quantity of hot intake ak and quantity of cooled mtake air mixed 
downstream of the flapper valve. An intercooler 68, positioned in one of the intake air 
flow padis upstream of the flapper valve, provides the cooling effect. Also, an electric 
heater may be provided to permit optimum control at other conditions. This system 
permits effective control over the SOC by controlling the intake air temperature. The 
flapper valve may alternatively be positioned upstream of the intercooler at junction 69, 
or two valves may be used with each valve positioned in a respective one of the cooled 
intake passage 71 (eidier upstream or downstream of the intercooler) smd; the bypass 
mtake passage 73. Any arrangement of one or more valves capable of variably 
controlimg the flow through one or both of the passages may be provided, 

A regenerator (sunilar to diat used in a Stirling engme) could be used to recover 
and transfer exhaust heat into the intake ah through a heat exchanger thereby 
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controUiog toe intake teiryperature,^ In addition,^^^^^ be varied by injecting fuel 
into the manifold in different phases, e.g. as a liquid or a gas. The change in the heat 
required for valorization of a liquid fu^i would reduce IMT, Of course, different types 
of fuels would have different effects on IMT. 

Applicants have also determined how residual and intake temperature, boost and 
combustion chamber and port waU heat transfer, affect in-cylinder bulk temperature 
throughout intake and compression, and als6 the effect on spatial temperature 
distribution at TDC. Specifically, Applicants compared the intake and compression 
events-for an engine running on an air and propane mixture. Applicants determined 
that the ten5)erature at the SOC is also determined in part by the reheating of the intake 
chai-ge by existing heat energy. For the purposes of this applicatioii, reheat is defined 
asT(average in-^ylinder @ intake valve closing (IVC)) - T(average intake manifold), 
that is, the difference between intake manifold temperature, i.e. temperature assigned 
at the inlet to the port and the in-cylinder bulk temperature at IVC. Applicants 
determined that reheat starts in the port and continues in-cylinder. Moreover, 56% of 
reheat was due to wall heat transfer and 44% due to mixing and boost for the condition 
examined. Clearly, heat transfer is very important in determining reheat. 

One study that elucidates the importance of the wall temperatures on the in- 
cylinder heat transfer is the following. In conq)aring the firing cylinder to the misfiring 
cylinder, it was noted that the misfuing cylinder's reheat was 63% of the firing case 
(27 vs 43 K). Lower wall temperatures for a misfiring cylmder compared to a firing 
cylinder are the main reason for its lower in-cylinder temperatures. The firing cylinder 
had a TDC ih-cylinder temperature 46 K higher than a misfiring cylinder, compared 
to a 16 K higher ten^efature at IVC. If compression were done adiabatically for each 
case, the temperature difference at TDC wpuld have been — 35 K given the initial 16 
K difference. Therefore, - 1 1 K (46-35 K) temperature loss from IVC to TDC is due 
to cooler misfiring wall temperatures. Interestingly, although walls heat the in-cylmder 
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gases for the majority of lie int^ coiiipression event, relatively fast rates of heat 
transfer out of the gas near TDC compressiou can result in cooler in^cylinder contents 
than if there were no heat tr^fer at all. Also, mass flow rate decreased 7.5% due to 
-heat transfer when conq)aring a hormally &ing cylinder with wall heat transfer to a 
firing cylinder with adiabatic walls, primarily due to the density effect. 

RefeiTiug to Fig. 9, wiui respect to the effect of wau teiiipeiatures, i.e. piston 
temperature, head temperature, and liner temperature, on the S6c, AppUc^^ 
determined that as wall temperatures are increased, S6c becomes mote advanced. The 
increased surface temperatures cause lower heat transfer to the combustion chamber 
surfaces thereby advancing combustion. Applicants have shown that with wall 
temperature varying from 255 to 933 K and all other parameters kepit constant (IMT 
= 342 K, reheat = 43 K, <|) = 0.24), the nature did not ignite with a wall 
temperature below 400 K. From about 400 K to 550 K combustion duration increases 
as a larger percent of the fuel bums. Above 550 K all the fuel bums and the 
Qombustion duration decreases with increasing temperature. Varying in-cylinder 
surface temperatures can be achieved by varying the cooling effect of the engme 
coolant and/or the lubricating oil on the cylinder/piston assembly. Although cylinder 
wall temperature may be difficult to use as a lever for effectively controlling SOC, 
cylinder wall temperatures are one of the parameters considered when controlling SOC, 
particularly for starting or transient operation. Applicants have shown that there is a 
region of operating conditions where there are two stable solutions: one without 
combustion and cool walls, and one with combustion and hot walls. Also, varying the 
surface to volume ratio in the combustion chamber can change the heat transfer and, 
therefore, can be used to control the combustion. 

Applicant's studies show that the optimum operation for a PCCI engine is one 
where timing (SOC and EOC) are very retarded (as retarded as possible while still 
burning most of the fuel) conq)ared to typical heat release rates diat have been reported 
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for PCCI engines. When operating in such a retarded mode, this results in lower peak 
pylinder pressures, better ISFC» lower noise and lower heat transfer. Ajppiicant has 
determined that stable PCCI operation is easily achieved for advanced timings. 
Applicantiias also determmed that by using closed loop control, combustion can be 
significantly retarded past the stable region. As discussed herein, the closed loop 
control may be used to control one or more of a variety of variables, for exiampie MT, 
equivalence ratio, EGR rate, etc. This is possible because the SOC is strongly 
controlled by temperature. The temperature, in turn, is very sensitive to in-cylinder 
heat transfer, which is very sensitive to the wall temperatures. Retarding the timing 
lowers the wall tenq)eratures. As timing retards enough, tihe engine can no longer be 
operated without active controls. 

A key concept is that the tinie constant associated with the diermal iiiertia of the 
walls is responsible for the rate at which an instability progresses, and therefore dictates 
the time constant requned for the active control. The time constant of the wall 
teniperature is on the order of many seconds, allowing control of SOC by adjusting one 
or more of a variety of variables including IMT equivalence ratio, EGR rate, etc. For 
example, Applicant has determined that IMT can be actively adjusted quickly enough 
to advantageously operate the engine at a retarded timing which would otherwise result 
in an unstable condition without the active IMT control. 

By comparing a normally firing cylinder with wall heat transfer to a firing 
cylinder with adiabatic walls, wall heat transfer is seen to be the major contributor to 
spatial temperature distribution at TDC. Spatial temperature distribution is defined as 
the manner in which the temperature varies throughout a region, be it in the port, or 
in the cylinder at a particular crank angle. By varying the in*cylinder temperature 
distribution, the start of combustion and/or the overall combustion rate can be 
positively affected. One way to vary in-cylinder temperature distribution is to use split 
intake ports arranged so that some of the incoming air/fuel mixture is warmer/colder 
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than the rest of the incoming mixture . Another method is to introduce hot spots in the 
cylinder or to use a glow plug 44 (Fig. la); Also, in-cylinder temperature distribution 
may be controlled by varying the temperature of the combustion chamber walls (e.g. 
±e wail temperature of the cylinder liner, pi^^ engine head) by varyu^, for 

example, the temperature of the engine coolant, the temperature of the engine oil or the 
f ate of cioolihg of ihe combustion chamber walls. As shown in Fig. ib, me tei^erature 
of the engme coolant may be varied by controlling the How through a coolant heat 
exchanger 46 positioned in the engine coolant circuit 47 by varying the flow through 
a bypass circuit 48 using a bypass valve 50. It was determined that wall heat transfer 
has similar impact on spatial tenq)erature distribution for both firing and misfiring 
cylinders. Similarly, applicants also determined how residual temperature and wall 
heat transfer affect in-cylinder temperature distribution throughout intake and 
compression. The determination included three studies of the intake and compression 
events of an air and propane mixture. These studies revealed that, during most of 
intake and compression, hot residual is the mam source of spatial temperature variatiohi 
However, near TDC compression, residual history is of minor importance compared 
to heat transfer with the walls in setting up temperature variations in the combustion 
chamber. As a result, it is believed that to promote a combustion event that uses more 
of the fuel that is available, fuel may be introduced in such a way that at SOC, fuel and 
an exist in proper proportion in regions where the temperature field is adequate to 
sustain combustion. Two areas where the temperature field is inadequate to sustain 
combustion are in the crevices and adjacent cooled surfaces. It is therefore desirable 
to keep the fuel away firom both the crevices and cooled surfaces. Clearly , heat 
transifer into the in-cylinder mixture increases the temperature of the in-cylinder mixture 
thus advancing SOC. Applicants have shown that a glow plug can be used to 
effectively control the SOC to a small degree. As shown in Fig. 10, once the glow 
plug is tumed off, the SOC and EOC retard slighfly. Also, GIMJSP decreases 
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significantly since less ftiel is being bnmed. The decrease in the amount of fiiel being 
burned also results in a decr^se in the heat release rate as shown in Fig. 11 . Between 
cycles #1 and #100, the glow plug was tamed off and remained off until a time between 
cyclesi<^3(90 and #4O0;^^^ Perhaps most inqjortantly, 

when the glow plug is turned off , the start of rapid combustion is significantly delayed 
without an increase in duraiiou, which in combination with the decrease in heat release 
rate, causes the cumulative heat release to decrease. Thus, glow plug 44 (Fig. lb) 
could be used to positively control combustion to a limit^^ 

In any practical reciprocating engine, heat will be lost from the combustion 
chamber during the con5)ression process. The heat loss depends upon many factors, 
but primarily upon engme speed and the temperature difference between inside and the 
outside of the cylinder. This heat transfer during the compression process becomes a 
problem for diesel engines during cold ambient starts as combustion can be difficult to 
initiate and sustain in cylinders where the combustion chamber surfaces are cold. 
Typically, the cylinders located at the ends of each bank of cylinders fun the coldest 
and are the least likely to fire. It is quite common under such conditions for the charge 
in the end cylinders to fail to combust due to excessive heat exchange with the colder 
cylinder walls. With diesel engines, however, once all the cylinders warm up, 
combustion is quite consistent and much less dq)endent on combustion chamber surface 
tenq)eratures. 

With PCCI, the combustion process is initiated by obtaining a certain pressure 
and temperature "history". Thus, as discussed heremabove, the PCCI combustion 
process is strongly dependent upon, and sensitive to, the surface temperatures of the 
combustion chamber. The present PCCI engme may mclude an end cylinder 
compensating means for achieving desked combustion chamber surface temperatores 
in the end cyltoders to ensure better cylinder-to-cylinder temperature control thereby 
increasing the likelihood of stable combustion and very low NOx emissions. The end 
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cylinder eompensating means may include a system for reducing the effective cooling 
of specific cylinders, such as reducing piiston cooling nozzle flow; increasing coolant 
temperature; or reducing coolant flow rate. Specifically/refeirii^ to Fi^ end 
^cylinder compensating means may include sm oU flow control system 70 including oil 
flow control valves 72 positioned in branch flow passages 74 delivering cooling oil to 

'^^y^,1«<M««. ••<^r.^1^#« iL.^L— . ■ TO *TTt_._l, -.-L_-^j l i.__.1_ ^ri 1., 

j^iotuu v^wiAii^ iiuzuciic^a /u iiuui. ou uu pump /o. luus, i;uiiuui vaivcij /z can oe 
controlled to vary the flow of cooling oil to the piston assemblies to^^ v 
temperature of the piston and thus favorably influence the in-K^ylinder teinperatitte^ 
Alternatively, flow restrictions could be used instead of valves 72, or the nozzles 76 
associated with the end cylinders may be designed with a smaller effective flow area 
than the remaming nozzles to permanently reduce the flow to these piston coolmg 
nozzles. In addition, if more than one nozzle 76 is provided as shown in Fig. la, the 
number of nozzles operating could be varied by controlling the respective control 
valves associated with each nozzle. 

Referring to Fig. 13, end cylinder conq)ensating nieans may include an engine 
coolant flow control system 80 including a coolant pump 81 and coolant flow control 
valves or restrictions 82 positioned in branch passages 84 leading to die end cylinders 
86 of the engine 88. The valves 82 are operated to reduce the flow of cold coolant 
delivered fi-om a radiator 90. Also, control valves 92^ positioned in hot coolant return 
passages 94, are used to control the flow of higher ten^erature coolant, bypassing 
radiator 90, and delivered direcfly to the end cylinders. These systems all function to 
control the flow of coolant to the end cylinders to compensate for the fact that they are 
cooled inore by the ambient surroundingis so that the total cooling to each end cylmder 
is equal to each of the other cylinders. These systems can be used to assist in cylinder 
warm-up to improve engine startability and to provide enhanced control of cylinder 
combustion and cylinder-to-cylinder balancmg. 
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The end cylinder compensating means may, alternatively, or additionallyi 
include end cylinders having an effective compression ratio nominally greater than die 
other cylinders to offset the extra heat loss. This con^ression ratio could be designed ; 
into the-eirincyiiriders so diat die end cylinder compression temperature is equal to the 
middle cylinders . This approach is advantageous from a performance perspective since 
end cylinder combustion chaiuber surface tempefauires would be eimanced for boui 
start-up as well as warmed-up operation. This conq)ression ratio difference may 
alternatively be accompliished through die camshafit valve lobe phasing. In this 
scenario, the end cylinders would have mtake valve closing (IVC) near bottom dead 
center (BDC) so that the effective compression ratio (CR) is approximately equal to the 
geonietric CR. The middle cylinders could then have a retarded IVC which would 
produce a lower nominal effective CR than die end cylinders. The effect of varying die 
compression ratio on PCCI combustion is discussed more fully hereinbelow. 

One of the biggest challenges widi premixed charge, compression ignition 
(PCCI) engm^ technology is in the placement of die heat release profile . Start of 
combustion with standard diesel or spark ignition engines is controlled widi injection 
timing or spark timing. Widi PCCI engines, the start of combustion is dictated by the 
in-cylinder temperatures and pressures. As SOC timings near TDC (and after) are 
approached on the PCCI engine, the sensitivity to small geonietric and/or operational 
variations in temperatures, pressures, etc. mcrease dramatically. As retarded heat 
release profiles are sought for PCCI engines (to minimize peak cylinder pressures and 
improve efficiency), the risk of misfire or partial bum increases dramatically. This is 
due to the fact diat die cylinder temperatiu*es decrease after top dead center due to the 
expansion of die charge. If autoignition has not yet occurred by TDC, autoignitionwiU 
not likely occur much after top dead center. This problem is further aggravated if one 
cylmder begins to misfire. The misfiring cylinder cools down making it even more 
likely that die misfiring will continue. 
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In a multi-cylinder engine variations inevitably exist between cylinders with 
respect to conipression ratiov wail temperatures, reheat and residual nuiss fraction. 
This variabiiiQr makes it quite difficult to operate a PCCI engine with the desked 
' Tetarded combustion timing whileTiiaintaining optimum combustion wittrout having 
individual cylinders (which happen to be running slighfly cool) begin to misfire; 

Applicants have determined that nmnipuiating valve eveu^ 
effect on the temperature at TDC and therefore is an effibctive tool for controlling the 
start of combiistioh as suggested by analytical results shown in Fig. 14, Specifically, 
referring to Table I, varying valve events has the following effects: 

..■•TABLEI : 



modified 
event 


baseline 


effect of advancing valve 
timing relative to baseline 


effect of retarding valve 
timing relative to baseline 


EVC 


-357" 


traps hot residual which 
advances S6C 


exhaust blown back into 
intake which advances SOC 


EVO 


135" 


no effect 


... . 

no effect 


IVC 


-167" 


Miller cycle - lowers 
effective CR which retards 
SOC 


at these particular conditions, 
retarding slightly improves 
breathing; retarding further 
reduces effective CR which 
retards SOC 1 


IVO 


341" 


allow hot exhaust to flow 
into intake which advances 
SOC 


restricts flow fi*om intake 
manifold which has ininimal 
effect on SOC 



As shown in Fig. 15, exhaust valve closing (EVC) plays a significant role in 
determining the amount of cornbustion products that remain in, or are made available 
to, die combustion chamber from one combustion event to the next event, i.e. the 
residual mass fraction (RMF). The residual exists at a higher temperature than the 
inconiing chargeand therefore heats the charge for the next CO Thus, 
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the timing of exhaust valve closing can be used to adjust the in-cylinder te]iq)erature 
and therefore controlling the SpC. In order to "heatup^acbldcylinde^(e g one that 
is beginning tomisfire) the residual mass fraction can be increased in the individual 
: cylinder^jr^a^ valve closing^vent.^^T^^ 

reheat of the incoming charge and tend to advance the start of combustion thereby, for 
exanipie^ restormg a misfiring cylinder. As shown in Pig. 15, advancing EVC traps 
hot residual in the cylinder while fetardmg EVC allows hot exhaust to be blown back 
into die cylinder (in this case, exhaust manifold pressure (EMP) > IMP) . The baseline 
EVC is the optimum of diese two effects: trapping the minimum amount of residual and 
resulting in the lowest TDC temperature. Similarly, advahemg IVO allows some of the 
hot residual^ in die cylinder to be blown back in to the intake, again because EMP > 
IMlP, causing the TDC temperature to mcrease. Lowering compression ratio, discussed 
more fully hereinbelow, by, for example, advancing TVC, will also increase residual 
hi the cylinder, but to a lesser extent. Adjustmg the timing of exhaust valve closing 
may also be used to effectively compensate for the small geometric and operational 
variations between the cylinders to permit the engine to be "tuned" cylinder-to-cylinder. 
Any other means for effectively increasing or decreasing the RMF may be used to 
advance or retard die SOC, respectively. 

One method of implementmg this strategy has been successfully tested on a 
multi-cylinder PCGI engine. This technique involved die increase of die exhaust valve 
lash setting. Opening up the lash effectively closes the exhaust valve early and 
advances the start of cx)mbustion as desired. Applicants have determined diat reducing 
the exhaust valve event by 10 degrees leads to slighdy higher surf ace tenq)eratures and 
22 degree Warmer inlet temperatures. Given the dramatic effect fliat 22 degree IMT 
swings have on combustion (Figis. 7c-7f), this method would mdicate a potential for 
tuning the multi-cylinder engine witii valye lash adjustments. As sho^yn in Fig. 16, 
shortening the duration that an exhaust valve is open by increasing the lash does indeed 
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advance combustion. Ultimately, cylinder-to-cylinder variations can be controlled 
passively by any means which can adjust the static exhaust valve closing. It could also 
be controlled actively if it is coupled with some diagnostic measurements/ If cofitrol 
exists on all cyiinders then this technique could also be used to effect the overall start 
of combustion within the engine. 

Cbntroiiing SOC in a PCCI engine during a tranisient c^n be chdlenging. In 
anodier embodunent, a throtde (or other restriction) is placed in the exhaust system. 
In a situation where SOC must be quickly advanced, the throttle is closed, resulting in 
an increased residual mass fraction and, therefore, in higher in-cylinder temperatures 
diereby advancing SOC. Of course, this effect could also be achieved with variable 
exhaust valve tuning. Applicant has shown that restrictjoig the ediaust m tMs way will 
advance SOC. However, this control scheme also adversely affects BSFC. In this 
embodiment, the exhaust is only restricted for a short period during a transient until , 
another control mechanism, e.g. an intake air heater, has a chance to control SOC in 
a way that does riot adversely affect BSFC as much. The advantage of this method is 
that it is very fast and easy to unplement. 

Effective methods and mechanisms for introducing EGR into a non-throttled 
engine are currendy difficult to implement. The present embodiment introduces a 
sunple method of efficiently mtroducing EGR through late exhaust valve closing. By 
closing the exhaust valve or valves later in a given cycle, the EGR is essentially 
"internal" EGR since the method increases the residual mass fraction (RMF), The 
present embodiment could easily be applied to any four stroke engine requiring EGR : 
but is especially effective when applied to a PCCI erigme. A PCCI engine requires 
much higher intake temperatures at low load as compared to high load operation. Thie 
present embodiment would allow the engine to operate with larger amounts of internal 
EGR at low load. This operation would increase the charge temperature similar to 
increasing the intake temperature. A closed loop control may be used to adjust the 
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amount of internal EGR to control the start of combustion (or combustion history) of 
jmy or all c^indCTS. 

In order to control the imiount of internal 
or valves is delayed in a variable manner as controlled by, for example, the electronic 
control module of the engine, A comparison of a normal exhaust event with a "late 
exhaust valve closing" eyent is heipful in understanding me present enibddiment; in 
a normal exhaust event, most of the combustion products are e7q)elled during the 
exhaust stroke. At this point, the exhaust valve closes and the intake valve opens 
allowing fresh air or an air/fuel mixture to fill most of the combustion chamber as the 
piston moves downwardly . In the late exhaust valve closing event of the present 
embodiment, the exhaust valve stays open through part of the intake stroke of the 
piston. As a result, the engine draws in both fresh air (or mixture) and combustion 
products. By varying the delay of closing, the amount of internal EGR can be adjusted. 
Additional internal EGR could be achieved by delaying the opening of theintake valve. 
The advantage of the present embodiment over early exhaust Valve closing is that early 
exhaust valve closing results in very poor PMEP, while Applicants' studies indicate the 
late exhaust valve closing does not significantly affect PMEP. 

Another advantage of the late exhaust valve closing of the present embodiment 
is that the exhaust valve need not be closed very quickly. That is, the exhaust valve 
must only be kept open for a longer period of tune. Referring to Figs. 6Sa-65d, the 
method of the present invention is illustrated and explained as follows. At the 
begmnmg of the exhaust stroke of the piston 500, an exhaust valve 502 is open while 
an intake valve 504 is closed. As shown in Fig. 65b, at the top dead center position of 
the exhaust stroke of piston 500, both exhaust and intake valves 502, 504, respectively, 
are open. As piston 500 begins to move downwardly through the intake stroke as 
shown in Fig. 65c, a fresh charge of mtake air (or fuel/air mixture) is drawn mto the 
combustion chaniber through the opening of intake valve 504 while combustion 
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products are drawn into tbe combustion chamber through the opening of exlmust valve 
502. Referring to Fig. 6Sd, later in die intake stroke, the exhaust valve 502 closes 
while a fresh mixture of Aiel and air is drawn du:ough the opening of intake yalve 504. 

Referring to Figs: 66 and 67, a first embodiment of the mechanism for achieving 
the delayed exhaust valve closing is illustrated. In this embodiment, the engine 
includes intake and exhaust cam lobes much like a "typical^ engine. Tms embodiment 
prevents the exhaust valve firorn closing during the retraction part of die cam. 
Specifically, a cam lobe 510, push rod 512 and rocker lever 514 are used to operate 
exhaust valve 502. In addition, a hydraulic link 516 is positioned along the valve train 
between cam lobe 510 and rocker lever 514^ such as at the connection between push 
rod 512 and rocker lever 514. During engine operation that does not require late 
exhaust valve closing, die hydraulic luik 516 is operating in a *'coUapsed'' state/ Wheil 
late (or delayed) exhaust valve closing is desired, hydraulic link 516 fills with oil as 
cam lobe 510 allows the retraction of push rod 512. As a result, exhaust valve 502 
remains in the open position. At a predetermined time during the cycle as determined 
by the ECM, when exhaust valve closmg is desired, oil is allowed to bleed out of 
hydraulic link 516. The oil is pushed through an orifice which controls the seating 
velocity of exhaust valve 502. Fig. 67 illustrates die details of hydraulic link 516 , The 
hydraulic liok system includes a solenoid valve 518 positioned along a dram passage 
520 extending from a hydraulic Imk chamber 522 within which push rdd 512 is 
positioned. Of course, alternatively a plunger for positioning in chamber 522, that is 
connected to push rod 512, may be used. Solenoid 518 permits die controlled flow of 
fluid from chamber 522 diroug^ an orifice to a low pressure drain, The hydraulic link 
system also includes a solenoid valve 524 positioned alpUg a pressuiized oil supply 
passage 526 for controlling the flow of pressurized oil to chamber 522. During 
operation, for early (i.e. normal) exhaust yalye closmg, solenoid valve 524 remains 
closed while solenoid valve 518 remains open. For late exhaust valve closing, solenoid 
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valve 524 opens while solenoid valve 518 closes during or after die opening of exhaust 
valve 502. Once the C£un causes push rod 512 to retract, the oil flowing intb chiamber 
522 from solenoid 524 causes chamber 522 to fill widi oil, preventing the exhaust valve 
from closing; ~Whe is desired; solenoid 518 opens to bleed 

down chamber 522. 

Fig, 68 discloses a second possible embodiment for achieving late exhaust valve 
closings This system also includes a push rod 600 for operating a rocker lever 602 
which operates exhaust valve 502. Also, a spring 604 is used to maintain an operating 
connection between rocker lever 602 and push rod 600. In this embodiment, however, 
a chamber 606 is positioned for receiving the upper end of exhaust valve 502 or, 
; alternatively, a plunger connected to exhaust valve 502:. An oil supply passage 608, 
which includes a check valve 610, is connected to chamber 606 for supplying 
pressurized oil to the chamber. A second passage 612 is connected to chamber 606 and 
includes a solenoid valve 614 positioned along the passage for controllmg the flow 
through passage 612 from chamber 606. During operation, exhaust valve 502 is 
opened by rocker lever 602. As exhaust valve 502 opens, hydraulic chamber 606 is 
filled with oil flowing from passage 608. Check valve 610 maintains the oil in chamber 
606 even when rocker lever 602 retracts. Solenoid valve 614 opens to allow exhaust 
valve 502 to return tp the closed position under the bias force of a valve spring (not 
shown), If early closing of the exhaust valve is desired, solenoid valve 614 remains 
open. A restriction 616 may be positioned downstream of solenoid valve 614 in 
passage 612 to control the seating velocity of exhaust valve 502. Alternatively, the 
bleed down passage 612 can jpositibned in siich a way that it slows down the seating 
velocity of the valve to achieve a gehfle seating into Ae closed position. 

Another method of controlling in-cylinder temperature by controlling the residual 
mass fraction (RMF) is to compress a pocket of residual gas from the previous cycle 
in a chamber positioned separate from the incoming charge: The proportion of trapped 
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residual to fresh charge can be manipulated by the size of such a chaniber. The mass 
■of hot exhaust could be as large as (1/2)(1/CR) and therefore =1/30 of the chamber 
mass if all the TDC volume is m such a chamber. The structure of such a chamber will 
have to be^managed to make" at leas^ 

process without completely mixing with die incommg charge. If the trapiped exhaust 
ismixedvery early in me compression process, the mghteiiq)eraturereqmred to initiate 
die fast reactions will not be reached. The idming of flows into and out 0f such a 
chamber may help manage the timing of the beginning of rapid energy release in 
cylinder. Additional sources of local heat input may be able to supply such a fast 
reaction initiation, This might be a heated glow plug or a thermally isolated mass; 

The residual mass fiction is alsb sensitive to the exh 
(BMP). By increasing EMP relative to IMP, the residual mass fraction can be 
increased thus increasing the temperature of the charge which, in turn, advances 
combustion. Applicants have determined that raising EMP does have the expected 
result of advancing SOC. However, applicant idso showed that SOC advandsd only by 
about 4** with a 3 bar increase in EMP for a four cycle engine Applicants have 
determined that the increase in temperature is nearly linear with increase in EMP, with 
all oflier things bemg held constant. For a 1 bar increase in EMP, temperature at TDC 
mcreased about 10 K, Therefore, considermg the practical range of EMP, controlling 
EMP seems to be a relatively weak lever in controlling SOC on a four cycle engine. 
Moreover, a very substantial BSFC penalty is paid when using EMP to increase TDC 
temperature in a four cycle engine. The BSFC would be significantiy higher flian usmg 
either exhaust valve closmg or variable con^ression ratio. Although the effect of 
increasing EMP is die same as advancing EYC, i.e. trapping more hot residual mass 
in the cylinder, the BSFC is much higher because, when EMP is increased, die piston 
has to work against diat pressure dirough the entire exhaust stroke. If the engine has 
turbomachmery, then further complications would arise with trying to use EMP to 
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control SOC. However, using an exhaust restriction may still be viable on a two-cycle 
. engine. . ■ V .. 

Another important way to contrpl intake tenq)eratiire is by using hot exhaust gas 
- reeirculation-(EGR). As shown in Fig. lb, a high pressure EGR circuit 54 may be 
used to direct hot exhaust gas from upstream of turbine 25 into the intake system 23 . 
jpMJx wuwuii luuiuucd a iiigu prc£»5Uic rvui^ i;uuirui vdiyc ou lor cuniroumg me 
recirculation of exhaust gas, A low pressure EGR circuit 62 and control valve 64 may 
be used to direct a flow of low pressure EGR from downstream of turbine 25 into the 
-intake^ystem 23 . Applicants have shown that EGR is especially effective in increasing 
the intake manifold temperature when introduced upstream of the conqpressor 24 
(assuming the effect of adding EGR is not canceled by additional charge an? cooling). 
Exhaust gas recirculation (EGR) has more utility in PCCI engines because the exhaust 
gas of such an engine will contain less particulates and thus the exhaust gais can be 
recirculated to the ideal upstream location (intake of compressor of turbocharger). The 
intake of the compressor is the best location because die jpressure differential is almost 
always favorable. The fresh intake air and hot EGR mixture will get compressed by 
the compressor thereby providing heating and mixing. By introducing the EGR 
upstream of the compressor and increasmg the compressor inlet temperature, the result 
is a much higher compressor outlet temperature than if the EGR is mtroduced after the 
compressor. Introducmg EGR into die mtake of the compressor is very difficult m 
normal diesel engines because flie particulates in the exhaust gases of die engme "giirn 
up" the compressor. In a PCCI engine, however, die vutually particulate free exhaust 
could be introduced ujpstream of the conq)ressbr without significant problems. Also, 
as shown m Figs. 16, 17 and 18, applicants have detennined that, regardless of the 
technique used to introduce exhaust products, e.g. EGR, RMF, etc. , by addmg exhaust 
products while mamtaining die temperature of die charge by, for example, injectmg a 
cooling diluent, such as ak and/or water, die combustion rate can be slowed dius 
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increasing the combustion duratiqu, retarding combustion and decreasing the amoujit 
of heat release. 

Referring to Fig. 19, an inq)roved engine 100 is shown which benefits from the 
PGGI engine and control system of die present invention by operating a limited number 
of a plur^ity of cylinders in a PCCL mode whUe operating the rem the 
cyiiiiders in a diesei mode. Specincaiiy, for exanq)le, five cylinders 102 in a siix 
cylinder engine may be operated m the diesel mode while one cylinder 104 is operated 
in a PCCI mode: This engine also includes an EGR system 106 associated only with 
the PGGI cylinder 104 and separate from an exhaust system 108 associated with the 
diesel cylinders 102. The pressure of the piston m the PGGI cylinder 104 is used to 
force the exhaust gas mto the intake system. The EGR system 106 includes ain EGR 
cooler 1 10 utilizing, for example, engine coolant, which cools PCCI exhaust gas before 
recirculating the gas to the upstream side of a compressor 105 . Of course, the exhaust 
gas could be delivered to the intake manifold 112 serving only dies6l cylinders 102. 
A well known problem confronted m the use of EGR in diesel engines is the excessive 
amounts of particulates and NOx present in diesel engine exhaust gas. The improved 
engine 100 permits a diesel engine to benefit from EGR while substantially avoiding 
the drawbacks associated with heavy particulate diesel exhaust thereby providing a less 
complex and costly system. For example, as discussed hereinabove, the PGGI BGR 
from cylinder 104 could more easily be introduced upstream of the c6iiq)ress6r without 
fouling the compressor. Also, the low NOx emissions of die PGGI EGR reduce the 
formation nitric acid thereby reducing corrosion in the engine. Applicants have shown 
that the engine of Fig. 19 lowers the brake specific NOx emissioias while only 
negligibly increasing the brake specific fuel consumption^^ 

Perhaps one of the most effective control features for varying the temperature 
at TDG and therefore the SOG is variable control of the compression ratio (GR) of a 
cylinder. By varymg the effective or die geometric compression ratio, both die 
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teiiq)erature and the pressure histories can be controlled. Increasiiig d^e cdmpressibn 
ratio advances the combustion event. Decreasing the conq)ressioh ratio retards it. For 
certain purposes, the compression ratio may range from 24: 1 (to promote cold starting) 
-to42: Hto permit control over the ^tart of combustion and limit die peak combustion 
pressures). The range of compression ratios would depend on, among other factors, 
the type of fuel used (more specincaiiy its autoignitidn properties), for example, natural 
gas or propane, Applicants have determined the effect of compression ratio on PCCI 
combustion. For exanq)le, referring to Fig. 20, applicants have shown that varying the 
compression ratio is a large lever in changing in-cylinder temperature and therefore 
SOG. As shown in Fig. 21, applicants have shown that Variatioiis in conq>ression ratio 
significantly affects flie location of the SOC relative to TDC. 

The compression ratio can be varied by varying the geometnc cbmpressio 
i.e. using a control mechanism to vary the physical dimensions/shape of the combustion 
chamber. The present invention includes a compression ratio varying device 38 for 
varying die geometric or the effective volume of the combustion chamber during engine 
operation to achieve a desired SOC. The compression ratio varying device may be a 
mechanical device for causing compression heating of the charge near TDC by 
changing the geometric volume of the combustion chamber. As shown in Figs. 22a- 
22d, the compression ratio varying device may inchide a movable auxiliary piston or 
jplunger which moves to extend into the combustion chamber at a crank angle near TDC 
to decrease the combustion chamber volume thereby increasmg the compression ratio 
and heating die charge sufficiendy to allow ignition to start. The key function of the 
plunger is to displace some of die charge near TDC . Therefore, the shapp and location 
of the plunger in the combustion chamber will not be critical to its fiinction^ except to 
the extent that the plunger affects the crevice volume. 

The size of the? plunger will be based on the desned pompression ratio control 
ranjge and may be estimated by die following example: 
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Swept volume (displaoement) per cylinder = 1 ,000 cc == 1 liter 

TDC clearance volume == 100 cc 

Compression ratio = (1000 cc + 100 cc)/100.0 cc =? U.O 

If the plunger volume— 30 cc,^ 
fully extended = (1000 cc + 100 cc)/(100 cc - 30 c<0 = 15,^ 

For a given set of conditions, the modified compression ratio should be sumcie^^^^^ 
to allow a large enoiigh increase in temperature and pressi^ conq)ression 
ignition for a fiiel/air niixture fliat would not ignite without the plunger. Of course, iflie 
engine's compression ratio and the size of the plunger are easily chjmged during the 
design stage of the engine. Also, different fuels and intake temperatures could require 
different plunger sizes and con:q)ressm^ 

As shbvm in Fig. 22a, the plunger 150 may be positioned in a bore 152 in the 
cylmder head 154 and operated by a cam 156 rotated in predetermined tinied 
relationship to the movement of the engine piston 158 . A retraction spring 160 biases 
the plunger toward cam 156 to increase the size of combustipn chamber 162. This 
particular arrangement is advantageous in that cam driven plunger 150 can put work 
back into the camshaft as the plunger retracts. Also, some of the work that plunger 150 
does on the charge can be extracted by the engme piston, as long as plunger 150 does 
not retract until late in the e^ansion stroke, or after the expansion stroke. 

Alternatively, referring to Fig. 22b, a plunger 170 may be hydraulically operated 
by a pressurized supply of fluid, e.g. fuel, delivered to a chamber 174 by a hydraulic 
circuit 172 connected to, for example, a jerk pump or common rail system. Fig. :22c, 
Dlustrates another hydraulically actuated ernbodiment in which a plunger 180 is assisted 
by a spring 182, positioned in a chamber 184 formed adjacent one end of plunjger 180, 
to allow energy to be stor«i in die spring. In this system a retaining mechanism, e.g. 
hydraulic, electromagnetic or mechanical, (not shown) maintains the plunger in the 
unextended position. When the piston is near TDC, a hydraulic fluid supply system 
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186 forces plunger 180 down (at this point the retaining system no longer holds the 
plunger) . This downward motion is h^vily assisted by spring 182. After combustion, 
plunger 180 moves back up recoirq)ressing spring 182 thereby returning energy to the 
spring. To optimize this energy extraction process, the hydraulic chamber 184 bleeds 
down at a rate controlled by a valve 188, 

Fig. 22d iliustrates yet anoiher embodiment in which a spring 190, biasing a 
plunger 192 into the exteiided position, is strong enough to overcome the gas pressure 
m the combustion chambcir before Near TDC, a bleed down valve 194, 

connecting a chamber 196 is opened and the spring 190 pushes plunger 192 into the 
extended position in the combustion chamber 162 causihg the charge to ignite and the 
pressure in the combustion chamber 162 to mcrease. As a result, plunger 192 is 
pushed back up against sprmg 190. If needed, a high pressure supply 200 supplies 
hydraulic fluid to chamber 196 to ensure plunger 192 moves back up into the retracted 
position. If the gas pressure is sufficient to move the plunger back up into the retracted 
position, a low pressure hydraulic fill supply 202, mcludiog a one-way valve 204, may 
be used to fill the chamber 196 below plunger 192, 

The compression ratio may also be varied by providing an opposed piston engine 
design having variable phase shiftmg to permit the compression ratio to be varied 
during operation by changmg the phase of rotation between two crankshafts. The 
opposed piston engine niay be of the type disclosed m U.S. Patent No. 4,010,61 1 or 
of the interconnected cylinder type with variable phasing as disclosed in U.S. Patent 
No. 4,955,328, the entire contents of both of these references being hereby 
incorporated by reference. Alternatively, referring to Fig. 23, the compression ratio 
could be varied using a phase shifting mechanism 210 including a conventional 
differential assembly 21 1 connected between an input shaft portion 212 of one of the 
crankshafts 214, 216 associated with respective pistons 218, 220 and an output shaft 
portion 222 of the same crankshaft 214 to permit the portions of the crankshaft to be 
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rotatively shifted relative to one anotheiv Crankshafts 214 and 216 are coimixted m 
a conventional gear assembly 223 for transferring power to a driven shaft 225i: As 
shown in Fig. 24, the differential 211 includes a ring gear 224 moimted oh one eiid of 
input shaftportion 212, an arm 226 extending from ring gear 224 and a gear assembly 
227 mounted on the opposing ends of shafts portions 212, 222. A rotator mechanism 
228, inciuding a pinion gear 230, is operativeiy connected to ring gear 224 to rotate the 
ring gear when a change in the phasing between the cranksl^fts is desired. As long as 
ring gear 224 remams stationary, ^afts portions 212, 222 remain in phase. When ring 
gear 224 is rotated by rotating pinion gear 230, arm 226 rotates causing a change in the 
phasing between shaft portions 212, 222. The rotat^^ 

be used to adjust the relative phasing of the mput slmft to the output ishaft, thereby 
adjusting the! phasing of die two crankshafts and the conipression ratio. In addition, 
two crankshafts per cylinder could be used to eliminate the inherent side dmist imparted 
by the crankarm m die single crankshaft design. The effect of the maranum possible 
compression ratio on the sensitivity to CR on phasing should be noted. It might be 
advantageous to have a geometry where the pistons interfere with each other at "zero" 
phasing. Of course, this set up would operate with non-zero phasing all the time. 

Applicants have determmed how the change in phasing of an opposed piston 
engme changes the conq)ression ratio. This effort includes three studies as shown in 
Fig. 25. In the first, when the two pistons were in phase, i.e. both pistons reach tpc 
at the same time, the compression ratio was 25: 1 . In the second, when the pistons were 
in phase they would come together and just touch at TDC. Widi a flat top piston diere 
would be no volume between the pistons and, assumii^ no crevice volume, the 
compression ratio would become infinite. The third case assumes negative interference 
so fliat the pistons would come in contact while out of phase to some degree. For this 
case, the overlap was about 10% of the istroke causing the pistons to contact at 46"* otit 
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of phase. Of course, engine geometry (bore, stroke^ connecting rod length) will also 
effect CR versus phasiG^^ these values were 

These results indicate that the compression ratio could be varied over a very 
"large range using an qppoised pistoff »^ phasing : Also, the slope 

of the change in compression ratio with phasing dq)ends on the amount of clearance 
Of negadye clearance between the pistons at TDG with 0 ' phasing. Thus, in a practical 
applicatiph, it would be desirable to strike a balance between the range of phasing 
needed to cover the desired range of compression ratio and the precision with which 
the phasing needs to be controlled, i.e. the slope of the curve in Fig. 25 should be 
optunized. Thus, ideaUy, the slope of the curve woidd be steep enou^^^ 
range of compression ratio could be achieved within a limited amount of phasing , and 
not so steep diat the phasing needs to be too p 

Referring to Fig. 26, it is very clear that as the pistons become more and more 
out of phase that the compression ratio decreases, It is also clear that there is very litde 
change in shape of the cylinder volxime versus crank angle curve for phasing an^es leiss 
than about 120**. As a result, die variation in phasing can be used to control 
compression ratio over a large range without any affect in the cylinder volume versus 
crank angle. An opposed piston system with variable phasing clearly provides the 
desired flexibility to achieve a broad range of compression ratio values. 

The effective compression ratio may be varied with variable valve timmg. 
Specifically, as shown in Table I, advancing of the intake valve closing lowers the 
effective CR while significant retardmg of the IVC also reduces effective CR 
Howeyer, changing valve events can have a very large effect on the breathing of an 
engine, and thus the air/fiiel ratio, in comparison to varying the geometric compression 
ratio (assuming that the fuel flow rate is held constant). The steepest change in airflow 
with TDC temperature is when IVC is changed. As IVC becomes earlier, the TDC 
temperature is lowered, but akflow is severely restricted possibly undesirably changing 
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the equivalence ratio. In this case/ an increase in boost accompanying earlier IVC 
cpuld be used to maintain a constant air flow rate. Similarly With EVG, as EVC is 
changed the amount of residual trapped in cylinder changes, and dieref ore breathing is 
-affeetedv^The^^s^^ is roughly twice fliat of EVG and IVO while 

varymg the geometric compression ratio does not have an effect on airflow. In terms 
of changing TDC temperatdre without eficciing airflow, variable geometric. 
conq)r€JSsion ratio appears to be the nibst effective of the control features^ 

Referring to Fig. 28, changing any of the valve events or compression ratio hisis 
a definite effect on BSFC. In order to get the best BSFC , increasing compression ratio 
would be a better choice than changing exhaust valve closing when a hi^er 
tenq)erature is needed: A very large BSFC penalty would be paid if EVG is advanced 
to mcrease die temperature at TDG* If a lower temperature is needed, advancing JVC 
is the best method whereas varying the geometric compression ratio could also be an 
option since it results in only somewhat higher BSFC. 

Applicants have also determined, as expected, that changing the effective 
compression ratio has a large effect on peak cylinder pressure, as shown in Fig. 29. 
rVC has an almost identical curve as VCR, confirming the fact that changing IVC 
really changes the effective compression ratio. Because the heat release starts 5*" 
ATDC in this case, the cylinder pressure trace appears to be "double-humped": the 
first peak at TDC is due to compression; the second peak after TDC is due to 
combustion. The appearance of two slopes of VCR and IVC lines is due to the absolute 
peak cylmder pressure occurring either on the combustion hump (CR < 18) or the 
compression hump (CR > 18). In order to increase the temperature at TDC from the 
baseline without undesirably affecting peak cylinder pressure, changiiig EVC or IVO 
would be the best strategy. However, this strategy may result in an undesurable 
increase m BSFC (Fig. 28) and may also change the engme breathmg (Fig. 27). 
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Applicants have also determined tbat very high conq)ression ratios are needed 
for combustion at io>y intake temperatures. For example; it has been fduiid that at 
mtake tenq)eratures of 0, 20, and 40**F, no combustion occurs when the corresponding 
compression ratios are^b At warmed up conditions, 

the desir^ cqn^ression ratio is appro^droately 15, which means that a change of 
approxmiateiy 20 compression ratios would be iieedcd to cover these conditions. Due 
to the very hi^ compression raitios requked under these conditions, peak cylmder 
pressures are also high and in some cases greater than 200 bar. As a result, intake air 
heaters-and/or some other method of starting in cold conditions may be more practical 
than using variable compression ratio alone. Also, maintainmg a lower compression 
ratio will allow a higher GIMEP to be achieved before hitting the peak cylmder 
pressure limit. 

Another method of controlling the temperature is to introduce water into the 
intake manifold or direcdy into the cylinder • Applicants have shown that when the 
nitrogen m the intake air is completely replaced widi Wabr, the water will likely resiilt 
m a lower flame temperature (205 K lower) due to dissociation. Also, m applicants 
study, the ignition delay increased slighdy (by 0.04 msec) and the peak reaction rate 
dropped by about 50%. Also, when water was added into die intake manifold, e.g. 
water fumigation, the chemical effect, altiiough small, is to slightiy retard the SOG. 
However, liquid water injection into the mtake manifold effectively cools the mtake 
manifold diue to the vaporization of die liquid to steam. As a result, IMT and TDC 
temperatures are significantiy decreased as shown in Fig. 30. The unpact of water 
mjection on temperature at TDG is mostly due to die decrease in IMT, not due to die 
change in die ratio of specific heats. The effect on IMT should be viewed as an upper 
lunit. 

It should be noted that applicants have shown that PCCI can be maintained 
widiout adverse diermal effects on die piston 14 (Fig. la). Even flibugh PCCI 
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combustion can create knock intensiQr levels 10-20 times higher Hian tie safe level 
experienced in spark-ignited engines, botk aluminiini and steel pistom do not reach 
excessive temperature levels. In applicants' preferred embodinieat, the temperatures 
-resulting from autoignition in PGei combustion aremuch lower than the temperatures 
experienced in spark-ignited engines since, in applicants' preferrwl embodiment, PCCI 
combustion operates under such lean conditions. 

Pressure Control 

The SOC may also be controlled by controlling ihe pressiire m the combuisdon 
chamber. One way of controlling in-Cylinder pressure is to use a: c6nq)ression ratio 
varying device to vary the pressure m tiie combustion chamber. Although yarying the 
compression ratio ultimately varies both the pressure and temperatare of the charge, the 
pressure is direcdy changed. An increase in the compression noio will tend to increase 
the pressure at TDC, and a decrea^ in compression ratio will decreiase pressure at 
TDC . Applicants have shown that increasing the in-cylinder pressure advances the start 
of combustion and decreasing the in-cylinder pressure retards the SOC. Any of the 
compression ratio varying devices discussed hereinabove with respect to tenq)erature 
control may be used. 

A second way of controlling the in-cylmder pressure is to vary to die mtake 
manifold, or boost, pressure (IMP). The timing of the SOC has been shown to be a 
function of pressure. Applicants have determined the effects of varying IMP on 
combustion and engine operation. The engine conditions for one engihe study were 
1200 RPM, 355.7K < IMT < 357.4K, 0.256 < <^ < 0.263. IMP was varied. 
Maintaining these conditions while increasing IMP required increasing air flow and fuel 
flow. Figs. 31a and 31b show fliat the duration of heat release decreases as IMP 
increases both m the crank angle domain and the time domain. Fig. 31d shows that 
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SOC occurs earlier as IMP increases. Fig. 31c, showing resfults from another study, 
clearly indicates that increasing the boost pressure significantly advances die heat 
release event. Fig. 31e shows diat FSHC emissions decrease as IMP increases, 
indicating more complete combustionr Fig. 3 GllVffiP increases as IMP 

increases, imostly due to the increase in complete combustion, and, to a lesser extent, 
more fuel. Fig. 31g shows that gross indicated thermal emciency increases as ImP 
increases, pardy due to more complete combustion. Fig, 31h shows fliat FSCO 
einiissions idecrease as IMP increaseisrapparendy due to more complete combustion. 
Fig. 31i shows that FSNOx emissions are not significandy affected by IMP. Fig. 31j 
shows fliat coefficient of variation (GOV) of GIMEP decreases as IMP increases. Fig. 
31k shows diat PCP increases as IMP increases. Fig. 3 11 shows that estimated noise 
increases as IMP increases. Fig. 31m shows that as IMP increases, smaller gains in 
GIMEP cause larger rises in PCP. This effect is due to die earlier SOC that occurs as 
IMP increases. 

One study varied die pressure at BDC of die cbnq)fession stroke. The study was 
performed using a compression ratio of 14.5:1, an engine speed of 1200 rpm, a BDC 
compression temperature of 389 K, an equivalence ratio of .3285, and no heat transfer. 
The fuel used was propane and the pressure at BDC was varied while all other 
parameters were held constant. This study clearly revealed tiiat as pressure at BDC 
increases, the SOC becomes earlier. In addition, for BDC pressures less flian 1 .75 bar, 
less than 10% of the fuel energy was released, while for BDC pressures greater dian 
P = 1.75 bar, virtually all of the fuel energy was released. This indicates diat the 
coinbusdon is highly sensitive to clumges in pressure. At very low pressures, very litde 
of die fuel bums, leadmg to high FSHC emissions. Since none of the fuel is burning 
at these low pressures, no carbon monoxide is produced. As the pressure increases 
(while maiQtaining IMT constant), a higher percentage of the fuel is burned, which 
leads to decreased production of carbon monoxide and lower FSHC. Above a certain 
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critical pressure, all of the fuel burns coinpletely/ leading to extremely low FSHC and 
FSCO emissions. Also, a very smaU change in 3DC pressure leads to a very large 
change in peak cycle temperature (PCX). The jesults of the simulation indicate that at 
-iow-peak cycle pressures <PeP), the fuel does not bum; Hence, the pressure peaks at 
the isentropic compression. As pressure is increased; a higher percentage of the fuel 
energy is released, causing the cylinder pressure to rise above the isentropic 
compression pressure. Ais pressure mcreases further, all of the fuel energy is being 
released and further increases in pressure raise die PCP due to isentropic effects. 

Clearly, varying IMP can be an effective Way of controlling the SOC and the 
duration of combustion. Increasing die IMP tends to advance SOC while decreasing 
die duration of heat release. Likewise, decreasmg die IMP tends to retard SOC while 
increasing the duration of heat release. In a typical application, for a constant torque 
condition, die fiiel flow rate would remain virtually constant, and the boost pressure 
would be increased to advance the start of combustion or decrease the boost to retard 
the start of combustion. For exanople, an an: compressor, a turbocharger, a 
supercharger such as driven by an engine power take-off, or an electrically powered 
compressor, could be used; For a given power level, and, therefore, for a given fuel 
flow rate, ttiere typically exists a preferred intake pressure and temperature. At very 
low loads, it may be desirable to control the mitake manifold pressure widi a dirotde 53 
(Fig. la) in die same way diat the intake pressure is controlled on a current production 
spark ignited engine. Throtde 53 would also be used when operating a multi-mode 
PCCI engine in a spark ignited mode as described hereinbelow. Of course, a throtde 
could alternatively be located at odier locatioiis in the intake system, such as in die 
intake manifold. 

As previously discussed, Applicant has demonstrated die ability to control SOC 
in a PCCI ei^gme using variable IMT, It is becoming more cle^ tiiat a lower 
compression ratio (CR) is desirable at high load and a higher CR desiriable at low load. 
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One embodiment of the present invention uses passive variable compression ratio 
(VCR) to vary the CR based on load conditions. Any conventional passive VCR 
system may be used. The advantage of using passive VCR versus active VCR is one 
-^HimpUcity-and loWer cost. In this embodiment, SOC is controlled through some 
means like variable IMT or the addition of ozone. The passive VCR system 
autdniaueally moves to a high compression ratio at low loads (when cylinder pressures 
are low) juid to a IpWer con[q)ression ratio at hi^ load (when cylinder pressures are 

.■'■iligl^.:.'.'' .V- 

The advantage of this system is also a. wider operating range. The lower CR 
permits operation at higher BMEP without exceeding cylinder pressure limits. The 
higher CR allows the engine to be started more easily and run at lower loads, while still 
m a int a ining start of combustioh at ah optimum timing. Others have suggested using 
passive VCR to limit cylinder pressiire, but not in conjunction witii active SOC control 
in a PCCI engine. 

Li tile past, engmes using PCCI combustion have been unable to demonstrate 
gross indicated mean effective pressures that are as high as those produced by cturent 
diesel engines. Since the combustion duration of PCCI engmes is usually very short, 
the PCCI combustion process is essentially a constant volume process for low engine 
speeds (< 2000 tpm) as illustrated in Fig. 55 showing a log(P) vs. log(V) graph of a 
PCCI engine with nearly constant volume combustion. 

In another embodiment of the present invention, a constant pressure portion is 
added to the combustion process. The constant pressure heat addition occurs below the 
peak cylinder pressure limit of the engine. The constant pressure portion of the heat 
addition is accon^lished by direct mjection of fuel at a controlled rate, similar to die 
way modem diesel engines operate. The direct injected fuel may be die same fuel as 
die premixed fuel or a different fuel, such as diesel, gasoline,, natural gas, etc. This 
would result in the log(P) vs. log(V) plot shown in Fig. 56. PCCI combustion 
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produces essentially no NOx emissions. The combustion due to direct injection jbf die 
fuel >yould produce NOx emissions at a rate that is similar to the diffusion burn portion 
of combustion in a diesel engine with high EGR rates. The fUel that is direcfly injected 
- "wouldiiave-an extremeiy^hort igmtio combustion chamber temperatures 

would already be high due to the PCCI combustion. This would also result in lower 
NOx emissions. Both the PCCi combustion and the combustion due to burning fiie?l ait 
constant pressure, produce power, but the PCGI combustion produces little or no NOx 
emisisions. Hence, the FSNOx and the brake specific NOx emissions of such a cycle 
could be significantly lower than for diesel operation. Similarly the soot should be 
lower for the proposed cycle of the present embodiment than ifor a diesel, smce PCGI 
combustion does not produce soot. 

The Cycle of the present embodiment may be accomplished by mixmg fuel with 
air to achieve an approximately homogeneous state using, for example, a carburetor, 
a throtde body, a port fuel injector, or a direct injector injecting fiiel at or before about 
mtake valve closmg (JVC). The charge is coiiq>ressed until autoignition occurs (PGCI 
combustion). When the cylinder pressure begins to drop, direct injection of fuel 
begins. A sensor may be used to detect the pressure drop in the chamber, or a 
predictive method, such as a Ibok-up table, may be used. The injection rate is 
controlled to maintain constant cylinder pressure at or below the peak cylinder pressure 
limit of the engme. Direct injection of fuel ends early enough to allow low soot 
production. Expansion continues in a nearly isentropic manner until the exhaust valve 
opens near bottom dead center. The percent of energy from the PCGI combustion 
could be varied to nunimize NOx and soot emission and maximize efficiency and 
GIMEP. This mefliod could be particularly effective to improve the engine's transieht 
response. 

Fig. 57 illustrates die general engine arrangement of the present embodiment 
includmg a sensor 120, controller 122, direct fiiel injector 124, port fuel mjector 126, 
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carburetor 128 and spark plug 131. The engine can be started ina variety of ways 
including using direct fiiel injection and compression ignition; direct fuel injection and 
spark ignition; port fuel injection and spark ignition; or direcdy started in the PCCI 
mode; %e eoitooller one or more t)f the amount of fuel injected, the rate at 

which the fuel is injected and the timing of the direct injection event. Also, the 
«^uuvuwx wwuuulo uuw pyiwbuui^c oi luci uuiucu ui luc rv^vi- comousuon process. 
Since the volmne of the charge is increasing dming Oie constant pressure portion of 
combustion, the bulk temperature of the charge must increase: This temperature 
increase would aid in lowering die CO and HC emissions that usually restilt from PCGI 
combustion. 

Air/Fuel Mixture Autoiffnition Properties 

Another strategy for controlling the start and duration of combustion is to vary 
the air/fiiel mixture autoignition properties. The autoignitioh properties of the air/fiiel 
mixmre may be controlled by injecting a gas, e.g. air, oxygen, nitrogen, ozone, carbon 
dioxide, exhaust gas, etc., into die air or air/fiiel mixture eiflier in the intake system, 
e.g. preferably in the port using, for example, injector 42, or in the cylinder directly 
using, for example, injector 40, tiiereby providing control over die start of combustion 
and die combustion rate. 

Applicants have examined die effect of adding reactive species to die air/fiiel 
mixture on die combustion process. One study was performed using an equivalence 
ratio of 0.3, a temperature atBDC of 389 K, pressure at BDC bf 3 bar, and propane 
as die iiiel. The conq)ressipn ratio was 14.S, and die engine speed was 1800 RPM. 
The engine geometry used was for a Cummins C series engine. The nitrogen^ oxygen, 
and fiiel mole fractions were held constant at 0.771, 0,216, and 0.0123, respectively, 
for all cases. The mole fraction for die reactive species added was 0.00041 1 for all 
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cases. The reactive species ejiamined were Hj, H2O2, OH, CO, O, HOa, H, and O3. 
Fig. 32 shows the temperature versus crank aiigic; Although CO ami Hj advanced the 
SOC by less ttian 0.5 crank angle degrees, all other species significantly advanced the 
-SQGi-wifh 03 <ozone) cauang-the largest change in the SbC^ small 
concentrations of most common radicals will cause significant changes in die SOC. 

Thus, applicants have detenniucd ihat ilic addiiioii of very small quantities of 
ozone advances the SOC by significant amounts. Applicants haive also shown (hat 
virtually all of the ozone will be consunoied by the combustion process and that die 
change in the SOC will diminish as the amount of ozone added increases. Specifically , 
Fig. 33 illustrates the effects of addition^ ozone on advancing the SOC. The increase 
in ienqierature indicates the start of the combustion event. >^plicant's studies have 
further shovi^n that ozone can be used to advance SOC in PCCI, and thus HCCI, 
engmes fiieled widi natural gas, propane and diesel fiiels. Because ozone was effective 
in advancing SOC for such a wide range of fuels, Applicam expects similar effects for 
gasoline and alcohols, as well as other hydrocarbon fuels , including o;^genated fuels. 
Applicant also observed only a small effect whai adding O3 to tile intake of a 
conventional diesel engine. 

Given the significant effect additional ozone has on the SOC, ozone can be used 
in several ways to advantageously control the combustion in a PCCI engine. First, by 
adding different amounts of O3 to die intake ports, one. several, or all cylinders could 
have dieir SOC adjusted. Second, adding O3 to the intake could be used as a cold 
starting aid for PCCI and diesel engines. Third, adding O3 to die exhaust of an engine 
would allow a catalyst to light earlier dius possibly significantly reducing cold stert 
emissions on catalyst-equqyped spark ignited oigines, diesel engines and PCCI engines: 
O3 could be produced "on board" through a simple electro-chemical reaction. Ozone 
generators are commercially available. Also , die ignition delay of a diesel engine could 
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be reduced by adding O3 to the intake. This would reduce the premixed burn fraction 
which woidd then lower NOx emissions and reduced noise; 

Applicant has shown that ozone (O3) can be used to iiiq)rov6 
-a^»eGI-engine-operating on propane."-!^ to the intake of 

a lean bum spark-:ignition (SI) engine could significantly extend the lean limit This 
effect wculd be very advantageous because leaner operation reduces NOx emissipnis. 
By speeding up lean SI combustion through the addition of O3, the BSFC NOx tradeoff 
would be iii^foved. This BSFC NOx tradeoff is also inq)r6ved because of the higher 
effective expansion ratio. Applicant believes fliat the addition of O3 would increase the 
lean limit because, near the lean limit, the combustion eyent in the flame front can only 
just heat jdie reactants enough to cause the reactante to ignite. The lowering of the 
autoignition temperature with 02»ne should extend (he 1^ 

Applicants have shown diat increasing the oxygen concentration advances the 
SOC. Since oxygen enrichment of die intake charge slightly advances the SOC and the 
percentage of ozone at the outlet of an ozone generator increases as the inlet 0]^|en 
concentration increases, ozone can be used m conjunction with oxygen enrichment to 
further advance die SOC. Oxygen enrichment may be accomplished by the use of 
selective membranes or by other means. Also j ozone could be used in conjunction with 
a catalyst to reduce UHC emissions fi-om a PCQ engine or conventionid spark ignition 
or diesel engine. In tibis case, ozone is to be added to die warm exhaust causing the 
temperature of die exhaust to increase, tiiereby enhancing catalyst efficiency. 
Furthermore, if the ozone is added before die turbine inlet, turbine inlet temperature 
may increase; thus easing air-handling issues. 

Giyien diese results, ozone can be effectively used as a starting aid for diesel 
engines. An engme can be started by injecting some fuel very early (tiiis is easily done 
with a common rail system). Ozone is added to the intake or produced widim the 
cylinder during die intake and/or cpnq)ression process to allow die fuel fliat was 
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injected early (about 60° BTDC - or even earlier) to ignite much more easily. More 
fuel can then be injected near TDC (mto the hot combustion product) where it wiU 
easily ignite. By injecting a reasonably small amount of fiiel very early, it doesn't 
- inatter if it ignites too eartybecause-fliereisn't enough fiiel to ri^ in exc^ssively high 
cylinder pressures. As a result, no special SOC control system is needed. 

Using ozone to aid in cold startiiig of diesels requkes a pilot injection of dieser 
fuel. For ian automotive spark ignition engine, ozone could l>e added to tbe exkiust or 
to the cylinder just before exhauist valve opening to increase die temperature of tiie 
exhaust. Ozone decays to O2 and O; the O increases the reaction rates of exothermic 
reactions thereby increasing exhaust ten^erature. This woiild aid in catalyst vi;ann-iq), 
tiiereby loweni^ imburned hydrocarbons at coM-start cp^ be added 

to the exhaust of an engme to increase the concentration of oxygen O atoms resultihg 
in lower NOx emissions. Note the presence of the O atom in the following extended 
Zeldovich mechanism. 

O + N2 <-~>NO + N .. 
N + O2 <— > NO + O 
N + OH < — > NO + H 

The free oxygen atoms play a critical role in the extended Zeldovich mechanism of NO 
formation. 

Ozone will aid in the transition from a PCCI mode to an SI mode and vice versa. 
Bxaraple: an engine is operating at light load in the PGCI mode. Ozone is being used 
to control the SOC. The amount of ozone added is equivalent to a significant change 
in IMT. To switch to SI mpde, the ozone is shut dffw As a result, die IMT is too low 
to support autoignition. The equivalence ratio is increased to fliat sufficient to support 
stable spark ignition opoation, probably vm pott or direct fuel injection, the spark 
plug is tiien fired at the appropriate point. 
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Although increasing the oxygen concentration advances the SOC, however, 
appUcaitfs have determined that oj^gen enrichment from 20.7 percent to 2165 percent 
will advance flie SOC by less than one crank angle degree, imd oxyjgfcn enrich^ 
fr«m 20:7 pCTcen^tb-23.7 pe^ceh^wffl^^ than 1 .5 crank angle 

degrees. Therefore, combustion may be controlled to a limited degree by modifying 
the oxygen CGncentration of the intake air. This may be done by adding oxygen (or an 
oxygen rich gas mixture) to the intake or by selectively removii^ nitrogen firom the 
ihteke aiir (iismg a membrane for example) . Applicants have also shown that mcreasing 
flie percent of nitrogen in the intake charge from 78.6 percent to 80.6 percent resulted 
in the retardation of the SOC i>y less than 2 crank angle degrees at 1800 ipm. It was 
also noted the same percentage ioojease of Nj in the fresh charge lowers the FSNOx 
from>144 to .048 grams of NOx per Kg of ftiel. 

Another mefliod of varying the effect of oxygen on the combustion process is to 
dilute the mixmre with EOR. In one study, an engine EGR system was plumbed from 
die exhaust manifold to the con^ressor mlet. Because die EGR is mixed in upstr^ 
of the aftercooler, and in die present study, the aftercooler exit temperamre was 
controlled and held fixed, die EGR should not have significantly effected the 
temperature at SOC. During tiiis stody, fuel rate and intake manifold temperature were 
held constant. As die EGR rate was mcreased, exhaust maniifbld pressure decreased, 
which in turn decreased air flow on diis turbocharged engine. The fuel rate was held 
constant, so die iBresh equivalence ratio increased. In spite of die increased equivalence 
ratio, SOC retarded as die EGR rate increased, most likely due to die diluent effect of 
die EGR. As expected, SOC retarded as die EGR rate increased. However, as EGR 
rate increased, CO and nd emissions also increased. Also, as EGR rate increased, die 
spread in SOC between cylinders increased. In a sinular study, die SOC was held 
constant by adjusting IMT. As die EGR rate was increased, exhaust manifold pressure 
decreased, which in turn decreased air flow. The fiiel rate was held constant dius 
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causing the equivalenpe ratio to increase. In addition, as the EGR rate increased from 
about 7 to 13% EGR, lliere was a sharp ris^ in the cylinder to cylinder Variadon in 
SOC. Ultimately, a higher IMT was required to maintain constant SOC as the EGR 
—mte^iner«asedrin spite of Mdnerease^ in-equivi^^ 
to the diluent effect of increased EGR on the intake air. 

Another wj^cimique for modifying the autoigniiibii properties of the air/]niel 
mixture to control SOC and the duration of combustion is to vjuy tibe octaiie, methane 
orcetane number of the charge by, for example, by providing two or more fuels haye 
different octane, methane or cetane numbers. The fuel supply can be either selectively 
switched between the fuels or the fiiels can be mixed. This technique makes it possible 
to retard or advance the combustiph event; For example, a fuel which teiids to 
autoighite more readily (lower octane or methane numbet, or higher cetane number) 
could be contFolhbly mixed with a fiiel that tends to autoignite less readily (or a fuel . 
that ignites at a high temperature and a fuel diat ignites at a low temperature could be 
used) to enable direct control over the timing of ignition and rate of combustion by 
changing the ratio of the fuels that are present in the combustion chamber during the 
combustion event. As shown m Fig. 34, propane, octane and heptane have 
significandy different effects on die SOC. The same effect may be achieved by using 
a fuel additive, such as a controlled amount of propane, ethane, or other hydrocarbons, 
such as engme l\ibricatihg oil, that change the autoignitidn properties of the fuel to 
advance or retard the start of combustion. Of course, any mefliod that changes the 
fuel's octane/methane number or the activation energy of the fuel can be used to 
advance/retard combustion. Applicants have determined that there is a significaht 
sensitivity of start of combustion to octane number. This effiect was mdependent of 
intake inainifold temperature. Moreover, m one study, the start of coriibustion was 
retarded approximately 7° for an increase in octane number from 80 to 100. 
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Achieving dynamic control over individual cylinder combustion id a multi- 
cylinder PCCI engine will be critical to achieving inq)roved conibustion, Since many 
of the! gases/fluids discussed heremabove, e.g. fuel, ozone, oil, water, etc. have now 
--"been shown to-significantly affectihe SOC and/orTate of combustion, these additives 
can be used to advantageously balance combustion between the cylinders in a mUlti- 
cylmder engine running on PCCi principles. For exanq)ie, by injecting a liquid or gas 
diluent, such as a less reactive fuel, water, uncooled or cooled exhaust products, air 
aiid/or nitrogen either into die intake air or dkecdy into the charge in the cylinder, the 
SOC can be retarded. Also, by injecting, for example, a more reactive fuel, ozone, oil 
and/or oxygen into the charge the SOC can be advanced. Fig. lb illustirates one system 
for balancing combustion between cylinders of a multi-cylinder engine. Tlie system 
uses port injection of fuel on the engine with two types of supplies per cylmder - 
supply 32 to inject liquid fuel and supply 34 to inject gaseous fuel. Alfliough the 
supplies 32 and 34 are shown feeding into a single passage for delivery to die intake 
port, the supplies may include separate delivery passages cbnnected to the intake pbrt 
at different locations. Liquid fuel will decrease intake charge temperature by the heat 
of vaporization of the liquid fuel. The temperature at TDC compression, and therefore 
SOC, can be controlled by varying the amount of liquid versus gaseous fuel. Also, it 
should not matter if die liquid vaporizes in die port or during compression. The 
gaseous and liquid fuel can be die same fuel in different states, e.g. propane^ or 
different fuels, e g, gaseous natural gas and liquid gasoline, such as indolene. It is 
important that the port injection system have good separation between cylinders and 
sequential (timed to intake event) injection is likely to be required. Ehuing operation, 
a cylinder diat is "going put" woidd be given more gaseous fuel and a cylinder that is 
"too hot" would be given more liquid. This mefliod can be used to achieve about a 20 
degree temperature difference. One of die supplies could be lubricating oil or ozone 
while the odier supply could be a fiiel having a high resistance to ignition, e.g. a high 
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octane nmnber, to permit the SOC to be effectively controlled by vwying the amount 
of oil or ozone added to the mixture. Also, by using the engine's lubricating oil 
supply j or using ozone created by the engine during operation, an additioiM supply of 
fiidL^additive canbeavoidedr^^^^::;^^^^^^^^^^^^^:^^ - - ' ^-r-^-:-:::--^-.^^^^^^.... 

Anotiher control variable that applicants have shown can be effectively used to 
control the SOC and combustion duration or heat release rate is the equivalence ratio 
(j) of the fuel/air mixture. Equivalience ratio is equal to fuel/ait ratio divided by 
stoicMometric fuel/air ratio (if <j)<l, fu^^^ fuel excess) Combustion 

needs to be slowed down in a PCCI engine because fast combustion leads to high noise, 
lowered efficiency and high peak cylinder pressure. If different temperatures and/or 
equivalence ratios can be achieved throughout flie charge of air/fuel at orinear point of 
ignitibn, the resulting rate of combustion will possibly be slowed down thus 
advantageously lengthenmg the duration of combustion. The equivalence ratio could 
be increased by mcreasing the fuel flow to the cylinder without a corresponding 
increase in intake air flow, or by decreasing the intake air flow. The equivalence ratio 
could be lowered by decreasing the fuel flow to the cylinder without a corresponding 
decrease in an: flow, or increassing the ah: flow rate. Variations m die quantity of fuel 
delivered to a cylmder is varied by controlling the operation of fuel control valves 39, 
41, and/or fuel injectors 35, 36 in a known manner. The variations in the air flow rate 
could be achieved by, for example, variably controUing cbmpressor 24 to vaiy boost 
•pressure, 

To test the lower lunit for equivalence ratio , applicants conducted engine studies 
to determine whether acceptable PCCI combustion could be obtained with an extremely 
lean niixture. The results indicate that very stable combustion can be achieved at an 
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extremely lean equivalence ratio of .05 while obtaining a heat release duration of 
approxunately 30 degrees: Also, as shown in Figs. 35 and 36, the results indicated that 
the start of combustion advances and die apparent heat release duration decreases as 
^equivalence ratio increases,"i:er^^^^^ mixture becomes richer. Applicants have 
clearly shown, as indicated in Fig. 37, where cylinder temperature increases indicate 
the heat release event. Moreover, referring to Fig, 38, the apparent heat release 
duration becomes longer as equivalence ratio decreases, i.e. air/fuel mixture becomes 
leaner. Also, applicant have shown that for a four stroke engme that both peak cylinder 
pressure and GIMEP increase as equivalence ratio becomes richer. With respect to a 
two-stroke engine^ ^applicant have determined that as equivalence ratio increases, 
GINiEP mcreases/ 

Studies were also conducted to investigatb Whether the equivalence ra;tio affects 
the amount of fuel burned in PCCI combustion. The results indicated that as 
equivalence ratio becomes richer, the percentage of fuel energy showing up as apparent 
heat released increases at first and then leyels off near $0%. This nuniber caii never 
reach 100% because of heat transfer. With respect to emissions, as equivalence ratio 
becomes richer, fuel specific hydrocarbon emissions decrease. In addition, as 
equivalence ratio became richer, average noise levels increased, and GIMEP increased. 
As equivalence ratio becomes richer, the average knock intensity increases. As 
equivalence ratio became richer, the cycle-to^ycle combustion variation, as measured 
by the coefficient of variation (GOV) of GIMEP, generally decreased. In fact, the 
GOV'S of GIMEP, for the conditions of the study, stayed below the combustion 
stability lunit (in this case defined as 5%), where a GOV above the limit iiidicates 
unacceptable stability. 

Studies were performed to determine the effect that variations in equivalence 
ratio have on fliermal efficiency m PGCI combustion. An equivalence ratio study was 
performed while matchmg the foUowmg paran^eters: speed, IMT, I^IP, engine oil 
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temperature, and engine water teniperature. Equivalence ratio was increa^^ 
holding air flow constant and increasing fuel flow to the engine. As fuel flow increased 
and equivalence ratio became richer, gross indicated thermal efiRcieiicy increased at 
"fifSfiand^ leveled off. Engine work output increased with respect to increased 
fuel flow as more fuel was burned. At the leaner equivalence ratios, a significant 
amoiint of fuel is left unbumed. At the richer equivalence ratios , the percentage of fiiel 
that is being burned levels off as noted hereinabove, and the groiss indicated thermal 
efficiency levels off because the increase in engine output is being offset by the 
additional fiiel input. 

In addition, an engine study was conducted with the engine cycle running from 
bottom dead center of the compression stroke to BDC of the e;q)ansion stroke. The 
study was conducted usmg a compression ratio of 14.5:1; an engine spewed of 1200 
RPM, a BDCcon4)ression temperature of 389 K, pressure at BDC of 43 bar/and no 
heat transfer. The fiiel uised was propane. The equivalence ratio was varied while all 
other parameters were held constant: It was discovered that the percent of energy 
released slowly tapered off as the equivalence ratio drops below 0.15. This data 
mdicates that for a given temperature and pressure, there is a lower limit to the 
equivalence ratio of a mixture that will bum completely. Also, it was shown that 
FSCO emissions are very high at equivalence ratios below 0.15. This data mdicates 
that only a small amount of the fuel bums to completion at the$e low equivalence ratios 
for this temperature and pressure. In addition, the FSHC decrease slightly as the 
equivalence ratio is varied from 0.05 to 0.4. Thus, most of the fuel reacts regardless 
of the equivalence ratio. It was also shown that SOC occurs e«trUer as equivalence ratio 
increases. The study showed that peak cylinder temperature gradually increases as 
equivalence ratio is mcreased showing the increased amount of energy available to be 
released. Peak cylinder pressure (PCP) gradually increases as equivalence ratio is 
increased showmg the mcreased amount of energy available to be released. At 
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equivalence ratios greater than or equal to 0. 18, yiituajUy all of the available fuelenergy 
is released, leading to a: nearly linear increase in PCP as equivalence ratio increases. 

Applicants have determined that it may be possible, although not necessarily 
-desLrable, to maintain PCCI combustion at very rich equivalence ratios, e.g. .5, if IMP 
and IMT are sufficienfly low to. prevent..the .peak cylinder pressure limit from being 
exceeded, it will be dinlcuit to start an eiigine at the low boost and JMt levels needed 
for maintaining low (^lioder pressures at such, rich equivalence ratios. The very 
advanced h^t release, loud knock, and combustion roughness make running at this 
condition undesirable. A lower GR for retarding SOC may improve these aspects. 

Also, by varying die level of charge stratification, die temperature and 
equivalence ratio distributipn can be altered to permit control of the combustion rate 
and/or the istart of combustion. An auxiliary cotnbustion chamber concq}t may be a 
mechanism for achieving the desired stratification, thereby enabling better control over 
the start of combustion. For exanq)le, conventional auxiliary combustion chamber 
designs typicj^ly used on small engines having indirect injection (JDT), and large spark 
ignited engines using natural gas fuel, could be used. 

In order to operate under the desired lean conditions for optimal PCCI 
combustion, substantial air flow must be proyided to the intake manifold. A 
turbocharger could provide the needed air flow for a multi-cylinder PCCI engine. 
Applicants' original target was to reach an equivalence ratio of 0.40 or leaner. 
Referring to Fig . 39, applicants have shown fliat operating iat leaner than an equivalence 
ratio of 0.29 would violate die compressor pressure ratio limit of die available 
turbocharger; Applicant determined diat tiirbine pressure ratios are very high at lean 
equivalence ratios. As a result, the exhaust manifold pressure is very high which 
causes a large BSFC penalty. Because of the relatively cool exhaust temperamres 
produced by PCCI coinbustion, yery small turbine cases are needed which result in 
high exhaust manifold pressures. 
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Applicants have deteimined that it would be desirable to pjperate under slightly 
leaner conditions than the original target. At an equivalence ratio less than .4, a 
smaller turbine casing was used to decrease the compressor pressure ratio and exhaust 
manifold pressure ratio, but a high BSFC penalty is paid, as shown in Fig. 40. Figs. 
41. and 42 illustrate the higher PMEP losses with the smaller turbine casing and the 
higher BSFC. Also, with the smaller turbine casing, m6 rotor speed is much higher 
and, in faict, near the Innit on rotor speed as seen in Fig. 43 (rotor speed limit 12():'125k 
rpm range) . Applicants discovered that there is a lower Ihnit on the size of the turbine 
casing used due to the losses incurred with the high back pressure and with reaching 
the rotor speed limit. 

In order to avoid this problem with the high back pressure and rdtor speed 
limiting au'fiow, one possible solution is to use a mechanically driven supercharger in 
conjunction with a turbocharger. The supercharger would be upstream of the 
compressor so that the turbine bears less of a burden for producing boost. Some BSFC 
penalty would be incurred for the shaft work absorbed by the supercharger; however, 
the BSFC penalty is less than the very high penalty incurred with die very small 
turbine. Because the supercharger is driven mechanically from the shaft, there should 
be no trouble getting the desired air flow. The turbine then can be sized somewhat 
larger, and should not approach the speed lunit and should not have extremely high 
backpressure. 

Applicants have also determined the effect of engine speed on SOC, The time 
of autoignition depends on the temperature and pressure histories. By changing^ the 
engme speed, tibese histories are changed. It is possible to advance the conibustibn 
event by reducmg the engine speed, and to retard the combustion event by increasing 
the engine speed: Specifically, a 75% increase in engine speed, from 1000 to 1750 
resulted in a 1.5% increase in the start of combustion pressure and a 2.8% increase in 
die start of combustion temperature. In addition, ia 75% increase in engine speed 
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decreased the heat release rate duration by 0.81 ms (only a 23% decrease) which 
corresponds to an increase in heat release duration of 1.7 crank angle degtees (only an 
8 % increase). Given this minimal impact of engine speed on the SQC and heat release, 
^dlhe iimbility to effectively vaty speai in many practical engine applications, 
engine speed is not viewed as an effective combustion control variable. However, one 
/[. example where engine speed could be used to provide some control over combustion 
is in an application where the engine drives a generator or alternator, 

As discussed hereinabove, the foregoing control variables are used to control the 
SOG and the duration of combustion to achieve optimum PCCI combustion. One key 
consequence of efficient, optimum combustion is reduced emissions. Applicants have 
shown that a PCCI engine can achieve NOx emission levels that are well below any 
other NOx emission levels ever demonstrated by applicants using diesel and natural gas 
engines, and well below future emissions standards as shown in Fig. 44. 

Applicants have also determined the effect of the control variables and other 
factors on einissions of a PCCI engine. Engme speed has litfle effect on the qimtity 
of NOx emissions. Although a 75 % increase m engine speed approximately tripled the 
FSNOx, the levels of NOx emissions produced were still extremely low. Also, as 
equivalence ratio becomes richer, fuel specific NOx generally increases, but still 
remains at extremely low levels. Referring to Fig. 45, applicants have determined that 
engine speed appears to affect FSCO and FSHC emissions more significantly. As 
shown, below a certaia critical ^ed, virtually all of the fuel bums, FSHC are low and 
FSCO is low. Just above the critical speed, the fuel partially bums, resultmg m higher 
FSCO emissions. As engine speed coiitmues to mcrease, the percenuige of the fuel that 
burns continues to drop, resulting mlower FSCO ^ssions. These emissiohs also vary 
as the ten5)erature atBDC varies. Referring to Fig. 46, at very low temperatures, very 
little of the fuel burns, leading to high FSHC emissions. Smce none of the fuel is 
burning at these low temperatiu-es, no carbon monoxide is produced. As the 
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temperature increases, a higher perc^^ of the &el is burned, wMch leads to 
increased prckiuction of carbon naonoxide and lower FSHG. FinaDy/ aboiVe a certam 
critical ten^erature, all of the fuel bums completely, leading to extremely low FSHC 
and FSCO emissioi^^^^ in Fig. 47, applicants have shown that all data 

points with end of combustion flame temperatures above 1600 K had accep 
emissions, it has been shown that both high temperature smdti^^ 
are critical for the deshed oxidation of CO, Importantly, as equivalence ratio becomes 
richer, fuel sjpecific GO decreases, while the concentration of CO2 in the exhaust 
increases. In one study, all points taken with an equivalence ratio <0.2 had CO 
emissions above the EPA CO limit 

As equivalence ratio becomes richer, fuel specific HC^^^^ 
unbumed hydrocarbons (UHC) are a key concern for PCGI engines smce reducing 
unburned hydrocarbons is essential to the commercial feasibility of a PGCI engine. 
Applicants have determmed that UHC, and CO, is formed in smaU crevices positioned 
in the components forming the combustion chamber, i.e above the top ring of the pistph 
between the piston and the liner; between the cylinder head and the cylinder liner; and 
around the components mounted in the cylinder head. The crevices prevent the volume 
of mixture in the crevice from reaching a sufficienfly high tenq)erature necessary for 
burning of the HC and oxidation of the CO. For example, applicants have shown diat 
similar pistons with different crevice volumes have different UHC levels. Applicant's 
studies have shown that reducing the crevice above the top piston ring reduces the HC 
and CO emissions from a PGCI engine. For two pistons that have the same 
compression ratio and virtually identical geometry , die piston with the ring closer to the ; 
top of the piston has significantly lower HC and CO emissions. Specifically, 
Applicant's studies show that when the crevice above the top ring is reduced from 5.6% 
of the clearance voliune to 1.6% of the clearance volume, FSHC is reduced by about 
25% and FSCO emissions reduced by about 40%. 
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The reduction in emissions occurs for a different reason in a PCCI engine than 
it does in a spark-ignition engine. In a spark ignition engine, flie flame front cannot 
propagate info a small crevice. Thus, the fiiel m the small crevice will not bum in a 
lpflrigWion~e^^^ PCCI engine, the fuel in the crevice is too cool to 

autoignite. Furthermore, since bulk gas temperatures are low in a PCCI engi^^^ 
that outgases from the crevice during the expansion stroke encounters cool bulk gas. 
Thus, fuel that was origmally m die crevice is rarely at a temperature that is sufficienfly 
high to autoignite or bum completely . Hence, HC and CO emissions remain high. 
Therefore, a combustion chamber geometry that minimizes the crevice volumes is 
bighly desirable. 

The present PCCI engine may include one of several designs to nummize UHC. 
The present crevice minimizing designs result in a low crevice volume; keep the fuel 
away from any existing crevices; or cause the mixture in the crevice volume to bum 
appropriately. The designs shown m Figs. 48a and 48b are most easily implemented 
m a ported two stroke cycle engme. Referring to Fig. 48a, in one embodiment, the 
engine has a single piece head and liner combination 300, although a two-piece system 
could be used. Just above the top ring 302 (at TDC), the. bore 304 increases to 
eliminate the crevice around the top land 306 of piston 308. There are no crevices in 
die cylinder head, as it is a smgle piece without valves, gaskets, etc. 

Referring to Fig. 48b, a second embodiment of die crevice minimizing design 
may similarly include a one-piece head and Imer 310. However, in this embodiment, 
the piston 312 has a very aggressive cutback 314 forming die top land to enlarge the 
crevice volume 3 16 between the top land and flie liner. The crevice volume 316 is now 
so large that it will no longer quench combustion in this area thus allowing fiiel in this 
volume to bum resuitmg in reduced UHC. Fig. 49 illustrates yet another embodiment 
including a cup or chamber 320 formed in the cylinder head 322 of the engine. The 
fuel injector 324 is positioned to inject fiiel directly into cup 320 early in die 
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Qpmpressm Becausfejak is.push^^^^ cup 320, ihe fuel does not cMt t^^ 

After compression ignition occurs, the products can pass tihrpugh the relatiyeiy l$rge 
passage or throat 326 between the cup 320 and the main cylmder 328^ The fiiel^ 
mixed because of the turbulence of the air entering the cup . Because there are no 
crevices in the cup and because the fiiel does not leave the cup until after combustion 
is cpmpieied, UHC are exfremeiy low. The cup could easily be coated with a thernaal 
barrier coating to reduce heat lossi^. 

Figs. 50a and 50b illustrate a cup design for a four stroke engine. The exhaust 
and intake valves 330 are arranged around a cup 332 in the head 334. Cup 332 may 
be positioned directly above the combustion chamber 336 as shown in Fig; 50a or dSbt 
to aUow more room for the valves 330 as shown in Fig; 50b. Andther possibility is to 
mclude a small auxiliary valve in the cup to allow the products to exit the ctip more 
efficiently. This valve could open after the main exhaust valve opens so that the 
auxiliary exhaust valve in the cup would not open against a high pressure. In this case, 
the aiixiliary exhaust valve could be electronically operated. The timing of openmg and 
closing of this valve could be used to vary the residual mass fraction which would allow 
control over the SOC using this auxiliary valve. Also, an opposed piston engine, as 
discussed hereinabove, may be used to substantially reduce the crevice voltune by 
avoiding a cylinder head and the associated crevice. 

Now referring to Fig* la, another embodiment of the present invention for 
reducing emissions is disclosed. Specifically, this embodiment controls UHC and GQ 
by heating the upper portion of the cylmder Imer 49 to cause oxidation of the charge 
in the crevices. A heater 51 is incorporated mto the upj^^^^ The heater 

could be any type of heater capable of eiffectively producmg heat, such as an electricid 
resistance heater. The heater heats the gas in the crevice above the top ring when the 
piston nears TDC. This heating will cause the gas to be less dense resulting in a 
smaller mass of charge remaming in the crevice. The charge leaving the crevice will 
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be at a MgherJemperature due to.the h thus increasing the tendency of the charge 
to react and forni CO2 instead of CO and UH 

Also, a glow plug may be used to heat the combustion gases to reduce emissions 
by enablmg a larger portion of the crevice volume to be burned. It has been 
determined ly applicants that i glow plug. willhave only a slight impact on die SOC. 
Smce SOC changes only slightly when the glow plug is turned on, it does not appear 
that the glow plug is initiatmg combustion. It is more likely that when the glow plug; 
which was located in a spacer plate, is turned on, it gradually warms up the gas in the 
creyice volume; This increase in temperature is sufficient to speed up the onset of 
rapid combustion, and bum more of the fuel than would have been burned without the 
glow plug Oh, resulting b a slight 

The present engine, as shown in Figs, la and lb, may also be operated as a 
multi-mode engine which changes modes of operation based on the operating conditions 
or needs of the particular application. For instance, the engine may be operated on 
diesel fuel only as a conventional diesel engine, as a modified diesel engine with diesel 
fuel being injected earlier in the compression event than die conventional diesel engme, 
as a spark-ignited engine using spark plug 56 (Fig. la) or as a PCCI engine. This type 
of spark ignited/compression ignited DI (direct injection) variable corcpression ratio 
engine provides a combination of low emissions, high power density, and ease of 
starting. 

This engine operates in the following different modes depending on the current 
operating conditions/needs of the engme. 

1) Medium compression ratio ( - 10:1), early injection (fuel injected during 
intake stroke or very early in the compression stroke) nearly homogeneous: 
a) Overall lean mixture, spark ignited - allows low NOx, high brake 
mean effective pressure (BMEP) operation, as well as medium BMEP 
operation. 
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b) Stoichiometric mb^ spark ignited - allows high NOx hig;h BMEP 
transient operation, as well as low NOx operation with a 3 way 
. catalyst 

2) High compression ratio (-15:1), early injection; nearly homogeneous, 
. .very lean ((|) < .0.5), cong)ression ignition - allows very low NOx inedium 

BMEP and low BMEP operation. 

3) High cocdpression ratio {f^ 15:1), late mjection, stratified charge: 

a) Spark ignited - allows medium NOx, medium BMEP unthrotded 
operation, and low BMEP operation, 

b) Compression ignition - allo>ys medium NOx medium and low BMEP 
unthrotded operation. 

4) Ij3wconipressi6h ratio (--8:1), early inje^^^ 
ignited: 

a) Leah bum - allows very high BMEP operation. 

b) Stoichiometric - allows very high BMEP operation. 

5) Medium compression ratio ( — 10: 1), late mjection, stratified charge, spark 
ignited - allows medium NOx, medium and low BMEP, and high BMEP 
operation. 

6) Very high compression ratio (-20:1), lean bum, early injection, nearly 
homogeneous, compression ignition r allows the engine to be started in 
PCCImode. 

the key here is to take full advantage of the variable compression ratio. Starting 
of the engine can be achieved with spark ignition at a lower compressioh ratio and then 
transitioning to high compression ratio, lean PCCI operation for low NOx. Forless 
severe (e.g. not as cold) conditions, engine starting could be achieved directly with 
very high compression ratio PCCI operation. At low and medium loads, the engine can 
operate in a PCCI mode as the compression ratio is adjusted to keep the start of 
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wmbustio^ angle. For high bad requirements, the air/fuel 

ratio can be enriched, compression ratio lowered, and the engine can be spark ignited. 
In order to handle sudden transients, the engine may go into one of the late injection 
modes where richer air/fiiel ratios are possible without engine damage: 

J 1 ^Injie nnilti^^ (Figv 1) functions with a control strategy for 

controlling the various controlled features of the engine to cffecLiyely switch between, . 
and operate in, die different modes m order to achieve a variety of pbjwtives. For 
exari5)le, the inidti-mode engine achieves low NOx emissions in the PCCI mode while 
enhancing startability by providing a high compression ratio or spark ignition. In 
addition; the engine can achieve a high cylmder pressure at high BMEP by switchmg 
to a lower cpmpressioh ratio spark-ignited niode. The multi-mode engme also pennits 
stable combustion to occur after switching to late injection which results in a stratified 
charge by rapidly adjusting the compression ratio. Also, fuel consumption can be 
effectively controlled using high compression, PCCI operation and stratified charge 
operation requiring no throtdmg which have excellent thermal efficiency. This 
operation also unproves transient response by going from PCCI to late injection, 
stratified charge to suddenly enrich the mixture. This multi-mode engme can also 
effectively minimize knock, and therefore knock damage, by effectively operating at 
lean PCCI or stratified charge or low compression ratio, lean bum or stoichiometric 
conditions. Of course, the ei^ine operates to effectively control the start of combustion 
during PCCI operation by varying, for exanq)le, as discussed heremabove, the 
temperature and/or the equivalence ratio and/or the pressure and/or the air/fuel mixture 
autoignitipn properties. This engine could run on a variety of fuels like gasoline or 
dieselfiiel. 

Another operatmg mode is dukl mjection in which an early injectioii is used to 
create a lean charge for PCCI operation. A second, late injection then adds a small 
amount of stratified fitel which can be either spark or conq)ression ignited to help ignite 
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the remaining fiicL Th^^is mode ls to diesel pilot operation but would only be 

used during transition between tlie= different modes of operation or during engine 
starting. Applicants have studied the effects of diesel pilot operation on emissionis. 
Fig. 51 shows a comparison of the normalized heat release rate versus crank angle for 
the three different diesel pilot injection quantities into a PCCI engine operating on 
propane. A micro-pilot injection of .1 % resulted in good heat release placemeni with 
no measurable increase in FSNOx. A diesel pilot of an amount esftin^ted to s^^ 
3.6% of the fuel energy resulted m a heat release curve having substantially the same 
shape as the previous case. The SOC is slightly more advanced than that of the .1 % 
case despite a lower IMT and constant equivalence ratio. Also, FSNOx emissions haiYe 
mcreased over the . 1 % case from zero to 3.9 g/kg. The final curves iUiistrates the h^t 
release for ai case with - 18 % of the fuel energy coming froni the diesel pilot. The 
heat release rate curve is shaped the same as the classic diesel heat release rate curVe 
with a premixed burn spike and a diffusion bum region. Also, the FSNQx (15.3 g/kg). 
and FSHC (478 g/kg) are significantly higher than m the cases wifli smaller diesel 
pilots. 

With respect to diesel pilot injection, as the percentage of fuel energy from die 
pilot increases, the start of combustion (SOC) becomes more advanced, despite the 
lowering of IMT and a constant equivalence ratio. This earlier SOC is caused by the 
diesel fuel autoigniting earlier than the propane. As the percentage of pilot increases, 
the heat released by the pilot during the compression stroke increases, leading to higher 
temperatures earlier in the cycle. Higher temperatures increase the chemical reaction 
rates of reactions mvolving propane, leading to earlier autoignition of the propane. 
Therefore, extremely low NOx levpls and good heat release placement can be achieved 
when using a very small diesel pilot or micropilot, preferably less than 4% of the total 
fuel energy. 
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Applicants have aisd studied flie control 6f noise aissociated witfi PCCI 
combustion: Level of noise generated by PCCI combustibn is related to the knock 
intensity. Thus, as knock iutensity is decreased, noises decreases. As shown m Figs. 
4a,\ 4c and 6, lowering cylmder pressure, foir" example, by retarding die SOC, 
substantialiy decreases the knock intensity and^ therefore, noise. The present engine 
ml coiitrol system perinits continuous PCCI combustion wifli mihimal noise by 
avoiding excessive peak cylmder pressures while maintaining the required cylinder 
pressure necessary for efficient, low em^sion PCCI combustion and the desired power 
ou^ut. 

The control system of the pr^ent invention operates to actively and variably 
control the mixtore'is temperature, pressure, autoignition characteristic Mid equivalence 
ratio to ensure that die combustion event occurs between 20 crank angle degrees BTDC 
and 35 crank angle degrees ATDC. The control system achieves this function by using 
combustion sensor 16, eig. pressure sensor, to signal the start of comiwstion or flie 
location of die heat release event for each cycle. Also, ECU 20, which receives the 
signals from sensor 16, determines wheflier die SOC is occurring witiiin a 
predetermined crank angle range and determines whether the duration of combustion 
is wifliin a predetenmned desired crank angle range. One conventional Way for die 
ECU to determine the optimum SOC would be to use a look-up table. If die SOC 
and/or die duration of combustion are outside die predetermined crank ahglie range, 
flien ECU 20 determineis die appropriate control variable or variables to adjust, and 
generates and sends the appropriate signal 22 to the chosen control mechanism or 
mechanisms, e.g' air cooler 2^, heater 30, glow plug 44, fuel control yalves 39, 41, 
variable compression ratio device 38, etc., as discussed hereinabove. The control 
variables are varied as required to maintain die timing of die start of PCCI combustion 
preferably between 20 crank angle dejgrees BTDC and 10 craidc angle degrees ATDC, 
and to maintain the duration of combustion m die range of 5-30 crank angle degrees . 
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Applicants have determined that, in order to initiate aiid inaintain PCCI 
combustion iq}on start-up in a cold engine, the conditions in the cyliiiders; e.g. 
temperature and/or pressm-e, must be actively influenced. For example, the intake air 
- ien^erature could be raisednising-heater 30-and/or a glow plug 44, and/or die in- 
cylinder walls heated using a cylinder wall heater 51 and/or an engine 
coolant/lubricating oil heater. Also, the in-cyiindef pressure aidd temperaiure could be 
increased using variable compression ratio device 38.^ 

for ehhancing startabiliQr is to ^d smaU amounts of ozone to die intake air supply uising 
injector 42, or into the cylinder using injector 40; Alternatively, or additionally, one 
of the fuel supplies could have a high aiUpigiiitioh property, e;g. low octane, number. 
Also, the engme may be opierated m a npn-PCCI, for exian^le, as & spark-ignitipn, dud 
iiiel or diesel engine, during starting of die engine. One or a combmatioh of these 
controls are varied, in accordance widi the principles discussed hereinabove with 
respect to each control feature, to cause PCCI combustion to occur. As the engine 
starts, die ECU will monitor die start of combustion and duration of combustion by 
receivmg combustion data, e.g. pressure signals, from sensor 16 dirbugbout engine 
operation. 

Once the engine is warmed up, die SOC and duration of combustion will vary 
due to die sensitivity of PCCI conibustion to die tenqierature and presstu-e history. 
Small variations in the numerous factors affecting temjperature and pressure history,, 
such as combustion chamber wall temperahire, IMT, equivalence ratio, MP, etc. result 
in significant variation in die SOC and die duration of combustion. During operation, 
the control system of die present invention will vary one or more of the control ; 
vairiables, that is, temperature, pressure, air/fuel mixture autoignition properties iand/pr 
equivalence ratio, using die various cbntirol mechanisiois discussed heremabove, in such 
a manner to maintain die SOC and duration of combustion in die desired ranges. For 
example, applicants have shown diat SOC can be advanced from 5" ATDC to O-S" 
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BTDC by increasing the MT from 184°F to 195°F, as^own m Fi^ 8. Applicants 
have also shown thiat increasing CR, which raises the in-cylmder tenq)eraitures, can be 
used to adyarice SOC. For example. Fig. 21 shows Aat increasing CR from 14:1 to 
22:1 advanced the SOC from 2° ATDC to 13* BTDC when the equivalence ratio was 
0.35 and IMT was 380 K. In addition, applicants have shown that increasing RMF to 
raise the temperature of the charge also can be WhenRMF was 

increased by adjusting exhaus|t valve lash from 0.025" to 0.046", the SOC advanced 
from 6.4° ATDC to 1.7° ATDC, as shoWn in Fig; 16/ Heat transfer to the charge, 
whether from active heating elements or hot surfaces such as the combustion chamber 
walls, has also been shown to advance SOC. Applicaip have also shown that, with a 
glow plug installed in the combustion chamber, the SQC retarded from 0.6° ATDC to 
1.5° ATDC after the glow phig had been tinned off, as shown in Fig; 11. Applicants 
have determined, as shown in Fig. 9, that increasing combustion chamber wall 
temperatares from 400K to 933K can advance the SOC from 7° ATDC to 14° BTDC. 

With respect to pressure control, increaising IMP serves to advance flie SOC, 
Fig. 31c, for example, shows that increasing IMP on the single cylinder engine from 
52 psia to 57 psia caused the SOC to advance from 3.7° ATDC to 1.5° BTDC. Any 
method of affecting cylinder pressure, such as varying conq)ression ratio or changing 
valve timing, botti illustrated above, can be used to control SOC. 

With respect to equiivalence ratio, applicants have determined, as shown in Fig. 
38, show fliat increasing equivalence ratio from 0.30 to 0.33 by mcreasing fuel flow 
to 

the engine advanced the SOC from 5.5° ATDC to 2,0° ATDC. Also, varying the 
autoignition properties of flie air/fiiel mixture by die addition of reactive species or even 
diluent can affect SOC. Applicants have shown fliat for the case shown in Fig. 33, 
increasing the amount of ozone added to the charge from 0 to 36 g/kg of fuel had the 
effect of advancing SOC from 1° ATDC to 12.5° BTDC. In one study where diesel 
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fiiel was used in a pilot injection to initiatie SOC in an air-propane mixture, the amount 
of pilot used affected SOC. For example, when pilot quantity was increased from 
approximately 0.1% to 18% of die total fuel energy, the SOC advanced from 2 "ATDC 
-to10° BTDC: In one study r^GR was used as a diluent to retard SOC while holding 
IMT constant with an aftercooler. As shown in Fig. 17, when EGR rate was increased: 
from 2,9% to 8.0%, inc c^kjk. reiaraea irom i.z: pliuk^ lo ^.z' Aiuu. Appiicanis 
have shown that increasing the air/fuel mixture's resistance to autoigiiition by 
increasing octane number, for example, can be used to retard SOC, Also, applicants 
have shown that when octane number was increased from 80 to 100, the SOC retarded 
from 14"* BTDC to 7"* BTDC for a case^ w^^ 

Of course, any of these control variables could be adjusted in the opposite 
direction from the above examples to achieve the opposite effect on SOC if necessary ; 
For example, rather than increasing IMT to advance SOC, IMT could be decreased to 
reuu-d SOC. Also, the magnitudes of such variations would be increased or decreased 
as necessary to maintain the desired SOC. 

Applicants have shown that the combustion or heat release duration can be 
affected by varying different parameters. As SOC is retarded, the heat release duration 
increases. For example, Fig. 8 shows that as SOC is retarded, by reducing IMT from 
195 degrees F to 184 degrees F, the duration increases from approximately 6 degrees 
to approximately 24 degrees. Similarly, increasing the equivalence ratio decreases the 
heat release duration. Applicants dso believe that increasing the degree of temperature 
and equivalence ratio stratification of the charge increases the heat release duration. 
However, giyen the difficulty of measuring the degree of tenq)erature or equivalence 
ratio stratification more work is needed to quantify the level of stradfication. 

Of course, given die relationship between SOC and duration, any control 
strategy that retards SOC should also increase the duration. By maintaining the SOC 
and the duration of combustion in the desired ranges while controlling the equivalence 
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ratio to ensure lean bum conditions, the control system niinimizes NOx emissions. 
Also, the present engine design, also reduces UHC and CO emissions by minim iying 
the crevices in the cylinder thereby minimizhig the unbumed gases as shown in Figures 

^•48a-50br-—--r ^ , ' 

During operation, balancing the combustion processes between the cylinders of 
the engine of Fig. ib can be accomplished by varying any of the control yariables used 
toxontrol the SbC, as discussed hereinabove, the ECU 20 compares the iSOC and 
duration of conibtistion data provided by sensor 16 for each cylinder. When the data 
indicates that the SOC and/or duration of combustion of one or more cylinders is 
occurring outside a predetermmed crank angle range, the ECU will determine the 
appropriate control variable or variables most effective for the given operating 
conditions and generateis a control signal for controlling the control variable to cause 
the SOC and/or duration of combustion to adjust so as to fall widiin the desired range. 
Applicants have determined tiiat cylinder balancmg is best achieved by controlling 
equivalence ratio, adding ozone to the mixture, controlling individual heaters associated 
with each cylinder intake port, varying compression ratio using device 38 or variable 
valve tuning, adding oil via pilot mjection or port fiiel injection, port injection of water 
and/or any of the methods discussed hereinabove for varying EGR or RMF. Any of 
these or odier forms of combustion control could be used alone, or in a variety of 
combinations, to enhance combustion balancing control. For example, the combustion 
control provided by the multiple fuel/additive system described hereinabove could be 
enhanced by providing variable valve timing and/or combustion chamber surface 
temperature cxwling, e.g. engine coolant, or piston cool^^ nozzle control. Also, one 
or more glow plugs 44 (Fig. la) may be used as an inexpensive, easy mediod of 
achieving at least partid control over combustion balancing between the cylinders. It 
may also be possible to control the EGR rate for each cylinder in order to balance 
combustion quality. 
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Fig. 58 illustrates another embodiment of the present invention which uses a 
pumping cylinder 129 to enhance the thermal efficiency of a compression ignition 
iengine. This embodunent works especially well for a PCC3 ragine/ The inducti^ 
air or an air-fuel mixture intorthe power cylinders 130 occurs in two stages. The first 
stage of the induction is at roughly atmospheric pressure through the reed valve or 
valves 132. The second stage occurs through the heat exchanger ^1^^^^ 
pressure. The punning cylinder 129 allows a nearly cons^t vohmie heat transfer 
through heat exchanger 134. The pumping cylinder 129 operates at low temperatuire 
and pressure and hence it can be double-acting. The pumping piston could be driven 
directly or indirectly by the crankshaft. Also, since the pumping cylinder 129 is at low 
teii9)erature and pressure, it can be niade of inexpensive, lightweight materids. 
Moreover^ volumetric efficiency of the pumping cylinder is very high due to the low 
temperatures in the punning cylinder 129. The heat exchanger receives a fresh charge . 
of intake air on one side and engine coolant or engme oil on the other side. A bypass 
yalye 136 around heat exchangCT 134 can be used to control the temperature of the 
charge at intake valve closmg, thereby controlling the start of combustion (SOC) for 
an PCCI engine. Note that the mass flow rate through the turbine 138 is larger than 
the mass flow. rate through the compressor 140. This would minimize air-handling 
challenges associated with PCCI engines. 

Figs. 59a-59e illustrate flie piston motions for die eng^e of Fig. 58 with six 
power cylinders 130. Although six power cyluiders and one pumping cylinder 129 are 
shown, more or less power cylinders could be used with a single pumping cylinder. 
This would require that Miller cycling (early intake valye closing) be used: to: achieve , 
a nearly, constant volume h^t addition through the heat exchanger! Miller cycling 
would improve the fliermal efficiency since die expansion ratio would be greater than 
the effective compression ratio. This assumes that the pun^mg cylinder 129 has the 
same displacement as the other cylinders. 
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As can be seen in Figs. 59a-59e, the piston motions allow for convenient cycle 
. amngemeht for a four stroke engiiie. If the nearly constant volume heat transfer was 
not used, the mass of charge inducted would be smaller for the same teinperature at 
intake valve closing. Since more mass is inducted, the GIMEP will be higher for the 
same equivalence ratio. The pumping cylinder 129 does virtually no work since the 
difference in pressure across the pun^/ing cylinder's double-acting piston is nearly zero. 

In order to achieve high GrIMEP levels, modern diesel engines utilize turbo 
charging, Siipeitharging can also be usied. However, a turbocharger is only about 
50% efficient overall: 

: ■ = Iccopiessor X n^aft X larttoe « 0.7x0.95x0,7 

■■ •■..'noveMn'" 47% .■ ■ • \- 

SimUarly, a conventional superchiu^ger is abput 50% efficient overall: 

■novendl = •Hmechanical X noomprcssor 0.9X0.6 « 54% 

Furthermore, the supercharger's power ultimately comes from the engine, which has 
approximately 85% mechanical efficiency. Superchargers that utilize sonic effects.can 
have higher overall efficiencies. 

Hfence, tfiere is a conflict between die need to have high GIMEP and high 
thermal efficiency. High exhaust temperatures and pressures are required to drive a 
turbocharger. But high exhaust temperatures smd pressures indicate that much exhaust 
energy remains untapped. This exhaust energy will be inefficiently utilized by the 
turbocharger. Furthermore, high exhaust manifold pressures reduce the BMEP for a 
constant intake pressure. Similarly, driving a supercharger reduces shaft work in that 
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the supercharger must ultimately be driven by the eii^e. This may not hold true for 
a supercharger utilizing sonic effects. 

If it were possible to reduce the air required for an internal 

combustion engine, the overall efficiency could be improved. This could be done by 
operating an engine with an equivalence ratio < 0.5, and 50% EGR; 

Spark ignidon, diesei and PCCi engines couid be operated in this manner. 
Although 50% EGR and an equivalence ratio of 0.5 are given as exampiles, other values 
are possible. The present embodiment, as shown in Fig. 60, includes an engine having 
eight power cylinders J and one double-acting pumping cylinder G aldiough other 
combinations are possible, The engine also includes a turbocharger T although the 
same concept applies for a supercharged engine. 

The pumping cylinder G is double-acting, and is driven directly or indirttitly by 
the crankshaft. Since the pimipmg cylinder operates at relatively low temperatures and 
pressures, it can be made of inexpensive, lightweight material. Also, since the 
difference in pressure across the pumping piston is small, die work required to drive 
it is small. 

Two exhaust valves are required to implement such an engine cycle. Fig. 61 
illustrates the valve events for one cylinder. One exhaust Valve directs exhaust to be 
used as EGR. The other durects exhaust to the exhaust manifold. 

Figs. 62a^62e illustrate the motion of the pistons in the engine of the present 
embodiment. Good mixing of the fresh air and the EGR is important for n^ost 
applications. Lowering the mass flow rate of air through the compressor is especially 
important for PCCI engines since they operate so lean and havd low^^ 
temperatures. As can be seen from Figs. 62a*62e, each cylinder operates with 
approximately 50% EGR. Hence, each cylmder must operate lean of stoichiometric 
in order to have sufficient oxygen available to consume all of the fuel. If high GIMEP 
was requked for a short period of time, valve F would be opened, valve D would be 
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shut (see Fig. 60), and valve B would be opened. Variable valve riming mky also be 
used to affect the EGR rate as discussed herein. 

In jpig. 60, heat exchanger E could be used m conjunction with valve K to adjust 
- the charge teniper^^ Check valve or reed valve C prevents the flow of fresh air to 
die exhaust. The pumping cylmder G is provided with appropriate mlet H and oudet 
valves 1. Keat exchanger E may be a charge air copier, or altemativeiy, use engine 
coolant or engine oil as the second fluid flowing through it. This engine scheme could 
be used for a lean bum SI engine, if desired. Note that because 50% EGR is used, 
5d% less air flows through the compressor. This results m less power being required 
to drive the compressor as compared to a conventional engine arrang^ent. The use 
of 50% EGR would also lower NOx emissions of a diesel or SI version of this engine 
arrangement; 

The pumping cylinder G need not have the same bore as the power cylinders. 
By changing the pumping cylinder bore or the number of power cylinders servcjd by the 
punq)ing cylinder. Miller cycling of this engine arrangement is possible and may result 
in higher thermal efficiency. Also, some valve overlap of the pumping cylinder inlet 
valves H may be necessary. Moreover, a manifold may be needed at the compressor 
oudet. 

One novel feature of die engine cycle of die present embodiment shown in Fig. 
60 is ttiat pistons force die EGR and fresh intake together regardless of their respective 
pressures. In a conventional engme, it is difficult to have EGR if mtake pressure is 
higher dian exhaust pressure. For the cycle shown in Fig. 60, the pistons displace a 
constant volume regardless of mtake or exhaust pressures. The use of pistons to 
diq)lace constant volumes of EGR and firesh intake results in higher volumetric 
eifficiency of die power cylinders tfian for a conventional engme: Hence, more mass 
enters the power cylmder dian would be die case for a conventional engme. This effect 
raises die GIMEP capability of die engme cycle shown m Fig. 60, 
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_ Applicant's studies show that the NOx emissions of PCCI engines that are 
operated with no EGR rise dramaticaUy when eqjuiyalence ratio is increased to above 
about 0.55 . The use of large quantities of EGR, as is possible with the engine cycle 
shown in Fig. 60, may lower the NOx emissions of PCCI engines tiuit are operating at 
; ©quivalence ratios greater than 0,5. 

^ ^uv/uivx uv/vvi tMUKixi^ wi ulc engine uyuc.iuiuwu m rig. pu is mat tne cpiiq)oiient .. 
arrangement allows lower exhaust pressures for a given mtsdb pressure thah would be 
the case for a cpnventional engine arrangement. This allows liie cycle to have loWer 
"pumping losses" during the intake and ediaust strokes resulting in a higher BMEP 
than a conventional engine. 

Another advantage of the cycle shown in Fig: 60 is realized when tiie engine is 
operated using a Miller cycle, If a heat exchmiger was used to transfer heat from the 
engine oil, coolant, or exhaust to flie fresh intake, thermal efficiency would be 
improved. Furthermore, for a PCCI engine, peak cylinder pressure is reduced since 
thie temperature at IVC is increased. This increased temperature at JVC allows a lower 
compression ratio to be used and autoignition still achieved at the desu-ed crank angle. 
The lower con^ression ratio results in lower peak cylinder pressures and less work 
required to compress the charge in the cylinder. Furdiermore, the use of the pistons 
to displace the EGR and the fresh intake forces virtually the same toass into die power 
cylinder regardless of the teiq)erahire of the charge. In a conventional engine, if the 
mtake temperature increases, die mass of the fresh charge inducted decreases 
proportionally. Hence, for a conventional engine, heating the intake charge reduces 
power density . Since Miller cycling would be used in this case, die expansion ratio is 
greater than die compression ratio. This allows more work to be extracted from the 
charge, and flius iiiq)roves diermal efficiency. 

Anoflier embodiment of the present invention includes a displacer 350 for 
controlling the start of combustion (SOC) of a PCCI engine. A displacer is similar to 
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a piston and is typically used in Stirling engines to move the working fluid from a cool 
region to a hot region. The displacer is operated in a manner similar to that d^cribed 
in U.S. Patent No. 856,102 issued to Qssiah Ringbom in 1907^ die entire contents of 
-which is hereby fflcdipbrated by reference. A useful-reference related to fliis patent is 
Ringbom Stirlmp Enpines hy TamftR Senet (1993), ISBN 0-19-507798-9. 

Operation is as follows. Fig. 63 shows liie positions of the eiigine piston 352 
and displacer 350 at BIDC of the compression stroke. The displacer includes a displacer 
piston 354, a di^lacer rod 356 and a stop 358. The stop 358 is positioned ia a gas 
sprmg chamber 360 which functions as a gas spring at a pressure Pj Near BDC, Pcvl 
> Ps and the net forceon the displacer at this position is Fnet = PcytlAr - PjAj, where 
As is the area of stop 358, Ar is Ae area of displacer rod 356, and Pcyl is the pressure 
in cyUnder 362, Since at that point, PctlAr < PjAjj, the net force on die displacer is 
upwardly in Fig. 63. Note that friction is neglected for this analysis. Hence, displacer 
350 is forced to be at or near the top of its stroke. A glow plug 264 and/or heater 266 
are heating gases in flieir vicinity. Displacer 350 is shaped to accommodate the glow 
plug. The gases near die heater and glow plug are primarily residual gases from the 
previous cycle and die main cylinder is filled with a fresh charge. At or near TDC of 
the compression stroke, PcylAr > ?s^s and the displacer is forced downward very 
rapidly displacing die fre^ charge from beneadi the displacer flirough die heater and 
to fl^e hot region near the glow plug, as shown in Fig. 64. That is, when die top of 
stop 358 of die displaceir rod 356 is exposed to Ps (die pressure of the gas spring), die 
net force on displacer 350, assuming friction is neglected, is F^ct - PcylAr - PjAr. 
Since PcylAr > PsAr, die net force on die displacer is downward. Since PjAj > 
PjAr, die displacer accelerates more rapidly downward aftef the displacer has begun 
to move. Prior to die displacer inoving downward, die fresh charge is below the 
temperature required for aiitdignition. After die displacer moves downward, die fresh 
charge is heated by die heater, die glow plug, and die hot gases and metal in die 
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Yicinity of the heater and glow plug. The fresh charge is heated sufficiendy to 
aiutoignite widiin a suitable amount of time. Autoignidon of die fresh charge raises the 
temperature and pressure widiin the cylinder and the fuel energy is rapidly released. 

—r After, or while, die^fael energy is ^^r^^^ travels 
downward toward BDC. Shortly before, or after, die exhaust valve opens, PcylAd < 
PsAr and uiUs die dispiacer is forced rapidly upward to the top of its stroke, where A^ 
is die area of dispiacer piston 354; the dispiacer will remain at die top of its stroke 
tiuroughout the exhaust and intake strokes smce Pcyl^d < PsAr. Gases and surfaces 
in die vicinity of the glow plug and heater will be heaited, and the cycle can begin 
ajgain.' . ' . ' \ ' ■ ^■ 

The pressure inside the chamber 360 that contains^ 
by a controller as needed to inamtam the JSOC at the desured point. The amount of heat 
supplied by the heater and/or glow plug may also be controlled by the controller. The 
controller includes some means of determining the SOC. The controller may also 
mclude some nieans of sensing dispiacer position. Widi proper design, it should be 
possible to have a SOC diat is significandy after TDC. As Applicant's studies have 
shown, with PCCI engines, diis will increase combustion duration. A retarded SOC 
and longer combustion durations will lower the peak cylinder pressures, which is 
desirable. The engine of the present embodunent may be an internal combustion engine 
operating in a PCCI mode. 

Applicant has demonstrated stable PCCI operation; However, in siome instances, 
it may be desirable, or necessary, to operate the engine in an unstable mode. First, at 
a steady state condition, increasmg IMT advances SOC. Using closed loop IMT 
control based on a SOC signal derived from the cumulative heat release trace (based 
on cylinder pressure) as shown in Fig. 53, Applicant was able to operate the engine 
under steady state conditions that are not inherentiy stable. Consider Fig. 54 showing 
a plot of dMEP and IMT vs. start of combustion. Note diat mitially when SOC 
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occurs well before TDC, decreasing IMT retards SOG as expected. However, as SOC 
becomies greater than TDC, the curve of IMT has a positive slope. This means that a 
higher iMT is required to achieve more retarded combustion. HoWeyer, at any steady . 
-■ ^te cK>nditio^jrran-increase in IMT will cause combustion to adyanc^ rekilting in an 
unstable condition. Note that the maximum GIMEP occurs close to die point where the 
isngiae transitions from stable to unstable operatioii. It is theircfore desirable to operate 
m die unstable region at times. 

For exanaple, we expect, that for some operating conditions, the optimum timing 
will be in the unstable region. In many conditions, the optimum point will be very 
close to the unstable region, and excursions into die Unstable region wUl be required 
as e]^ine load and speed change 

, The rea^ion for die umtable behavior i^^^ 

V As discuissed earlier, increasing IMT advances SOC and decreasing IMT 
retards SOC. 

- As SOC retards, heat transfer goes down. This is partially due to the moire 
retarded heat release placement itself and partially (for very retarded cases) 
due to a reduction in die percentage of fuel burned. The reduced heat 
transfer results in lower wall temperatures which retards SOC. 

- Por retarded, timings, the effect of the lower wall temp^atiires is so strong 
that strady state retarded conditions require higher IMT as SOC retards, 
even though for any steady state condition increasing IMT will advance 
SOC. Therefore, this is an unstable condition. 

Note the difference between steady state and stable. In diis case, steady state 
means diat all die forces fliat move SOC are balanced so diat SOC does not move. 
Stable means that a pehurbation in one of diose forces will push SOC back to its 
original value. Unstable means tiiat die perturbation will cause SOC to move away 
frona its original value. 
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MUSTRIAL APPLICABILITY^ 

The present PCCI engine and control system may be used in any stationary or 
nonstationary power plant, including any automotive, industrid, marine or military^ 
application. The present PCCI engine and control system is especially advantageous 
in any power generation application where low emissions are desirable. 
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We claim: 

!• A premixed charge coii$)ression ignition internal combustion engine, 

^nconqwrisii^i^:..™ ■ , •--.^ - -: -v 

; ?m engine 

a combuStipn chamber for mcd in in 

combustion history control means for controlling a combustion histpiy of future 
combustion events to reduce emissions arid optimize efficiency, said combustion history 
control means including at least one of a temperature control means for varying the 
ten^erature of the mixture of fuel and air, a pressure control means for varying the 
pressiire of the mixture, an equivalence ratio control means for varying an equivalence 
ratio of the mixture and a mixture autoignition property control means for varying an 
autoignition property of tiie mixture; 

engine operating condition detecting means for detecting an engine operating 
condition indicative of die combustion history and geherating an engine operating 
condition signal indicative of said engine operating condition; and 

processing means for receiving said engine operating condition signal, 
determining a combustion history value based on said engine operating condition signal, 
arid generating one or more control signals based on said combustion history value, said 
one or more control signals controlling at least one of said temperature control means, 
said pressure control means, said equivalence ratio control means and said mixture 
autoignition property control means to variably control the combustion history of future 
combustion events. 

2. The engine ofclaiml, wherein said engine operating condition 
means includes a start of combustion sensor for sensing the start of combustion and 
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generating a start of coinbustion signal, said conibustion history value being determined 
based on said st£ut of conlbustipn signal 

" 3 . The engine of claini±rwherein said engine^perating condition detecting 
means is a cylinder pressure sensor. 

4. The engine of claini 2, whereiii said start of comWstio 
cylinder pressure sensor. 
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AMENDED CLAIMS 
[received by the International Bureau on 23 July 1 999 (23.07.99); 
Original claims 1-4 cancelled- new claims 5-61 added ^ 
(15 pages)] 

vl^ Cancelled 

3. ■ Cancelled • 

4. Cancelled 

: 5. An internal combustion engine operable in a premixed charge 
coDspression ignition mode, coniprising: 
an engine body; 

a combustion chamber formed in the engine body for containing a raixmre of 
fuel and air; 

an intake air system for delivering intake air, including at least one of air and a 
mixture of air and fuel, to said combusdon chamber, 

combusdon history control system for controlling a combustion history of future 
combusdon events to optimize engine operation, said combustion history control system 
including a temperature control system for ultimately varying the temperature of the 
mixture of fuel and air. said temperature control system including an intake air 
temperature control systein for controlling the teii^)erature of the intake air in the intake 
system, said intake air temperieiture control system incliiding a cooler positioned in said 
intake air system, a bypass passage for bypassing flow aroimd said cooler and at least 
one flow valve positioned in said intake air system and adjustable to control flow 
through said cooler and said bypass passage; and 
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a processor adapted to move said at least one flow valve based on engine 
operating conditions to control air flow so as to optimize engine operation. 

6. JTb 

detecting device for detecting an engine operating condition iiidicative of the 
combustioii history and generating an engine operating condition signal mdicative of 
said engine operating condition; and wherein said processor is adapted to receive said 
engine operating condition signali determine a combustion history value based on said 
engine ppmtmg condition signal, and generate one or more coiurol signals tased on 
said combustion history value, said one bit more control si^ials controlling a position 
of said at least one flow yslve to control the combustidn history of future combustion 
■ events..' 

7. Theengineofclaim3, wherein said at least one floAv valve iiiclu^^ 
one valve positioned downstream of said cooler. 

8. The.engine of claun 7, wherein said single valve is a flapper type valve. 

9. The engine of clahn 6, wherein said combustion history onitrol system 
fiirther includes at least one of a pressure control system for ultuinately varying flie 
pressure of the tiiixtiire, an equivalence ratio control system for varying an equivalence 
rado of the mixuire and a mixmre autoignWon property control system for varymg ah 
autoignitioh property of the mixture. 

10. The engine of claun 9, wherem said processor conq)ares said combustioii^ 
history vaiiie to a predet^mmed desired combustion history value and general said 
one or more control signals based on the con^)arisottof said combustion history value 
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to said predetennined desired combustion history va^ said at least one control signal 
controlling said at least one of said temperature control systrai/said pressure control 
system, said equivalence ratio control system atid said mixture autoignition property 
control system to cause said combustion history value to approach said predetermined 
desired comtfustion history value. 

11. The engine ofciaim 10, wherein said engine operating cpndition^ 
device mcludes a combustion sensor for sensing a comlnistion characteristic and 
generating a combustion chara^cteristic signal, said cpmbustion history value being 
detennined based on said combustion characteristic si 

12. Theengineof claim 11. wherein said cpmbusrion sensor is a combustion 
timmg sensor for sensing a timmg of a combustion event. 

13. The engine of claim 12, wherein said combustion timing sensor is a start 
of combustion sensor for isensing a start of combustion^ 

14. The engine of claim 11, wherein said combustion sensor is a cylinder 
pressure sensor . 

15. The engine of claim S, wherein said intake au* temperature conax)l system 
mcludes a heater positioned in said intake air system. 

16. The engine of claim 5, further including ah exhaust gas system for 
directing exhaust gas from said combustion cbainber, wherein said tenq)erature control 
system bcludes an exhaust jgas recirculation system for delivering exhaust gas from 
said exhaust gas system to said intake air system to control intake air temperature . 
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17. The engine of claim 5, further including a ftiel supply system connected 
to the engine for directing ftiel. into at leas;t one of said intake air syscem and said 
cooabustion chamber, said fuel siqiply syst^ including a fir^ fiid si^ly and a seeond 
fuel supply, said first and_^d seoond-ftel-siq>pUe8 haying diffota^ 
properties. 

18. The engine of claim 5, wherein said temperanu'e control 

a residual mass fraction control syston for varying a residual mass fraction of 
combustion products in the combustibn chamber. 

19. The engine of claim 18^ wherein said residual niass conttoi sys 
includes a variable valve timing control system. 

20. The engine ofciaim 19, fiirdierinchiding an exhaust system for directing 
exhaust gas from said combustion chamber, said exhaust system incfaiding an exhaust 
pon associated wiflj said combustion chamber and formed in said engme body, and an 
exhaust valve operable to open and close said exhaust port in timed relation to a 
crankshaft angle, wherein said variable valve timing control system includes a variable 
exhaust valve timing control means associated with said combustion chainber for 
controlling a time duration during which said exhiust valve is open dtirmg an mtake 
stroke of die engine so as to cause exhaiist gas to flow fnun said exhaust system 
through said exhaust port into said combustion chambo- to increase an amount of 
residual exhaust gas in said combustian chamber. 

21. The enghie of claim 20, wherein sa^ variabte exhaust valve timing 
control means functions to rmrd the tinting qf closing of said exhaust pon by said 
exhaust valve to cause said exhaust valve to close during the intake stroke so as to cause 
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exhaust gas to flow from said exhaust system through said exhaust port into said 
conibustioiL chamber to iocrease an amount of residual exhaust gas m said combustidn 
. chamber. 

22. The engmeofclafan 5, wherein said teraperatw 

a compression ratio varying system for varyiM at least one of an effective compression 
ratio and a geometric conq>ression ratio; 

23. ihe engnie of claim 22t 

engine body ai^ an intake valve operable to open and close said intake portt wherem 
said compression ratio varying system varies the timing of closing of said hitake port 
by said intake valve to vary the effective con^iession ratio. 

24. The engine of claim 9, further including a rotatable crankshaft and a 
piston openitively connected to saM cranky 

dead center position, wherem said one or more control signals controls at least one of 
said temperature control system, said pressure control system, said equivalence ratio 
control system and said mixture autoignition property control system to variably control 
die combustion history of future combustion evente to cause a start of rapid combustion 
to occur between 20 crank angle degrees before said top dead center position and 10 
crank angle degrees after said top dead center position. 

25. The engine of claim 20, wherein said variable exhaust valve timmg 
control means mcludes a hydraulic Ihdc system inrfnding a hydraulic chamb^, a 
collapsable hydraulic liidc positioned m said hydraulic chamber and one of a plunger, 
a valve stem and a push rod mounted for reciprocal movraient in said hydraulic 
chamber. 
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26. The engine of claim 25, wherem said hydraulic lin^ 

includes an oil supply passage connected to said hydraulic chamber for supplying 
hydraulic fluid to said hydraulic chamber to create a hydraulic link, an oil drain paKkge 
connected to said hydraulic-chamber-for drdning-hydrauUG^auid^^om said hydraulic 
chamber to collapse said hydraulic luik and a least one control valve for conn-oiling 
flow through at least one of said oil suddIv oassaee and said oil drain hasR9ai» 

27. The engine of claim 26; wherein s^^ 

a supply control valve positioned in said supply passage and a second Control valve 
posidoned in said drain passage! 

28. The engine of claim 26, wherein said at least one conttol valve includes 
a solenoid valve positioned in said drain passage and a check valve positioned in siM. 
supply passage. 

29. The engine of claim 5; further mcludmg an exhaust system for directing 
exhaust gas from said combustion chamber and a throttle valve positioned in said 
exhaust system to lunit exhaust gas flow thereby increasing a residual mass fraction of 
combustion products* 

30. A premixed charge compression ignition internal coinbustion engme, 
comprising: 

an engine body; 

a combustion chamber formed in the engine body; 

ail intake air systeiri for supplying intake air, including at least 6ne of air and a 
mixmre of air and fuel; to said combustion chamber; 
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an exhaust system for directing exhaust gas from said conabustion chamber, said 
e?haust sy$tem including an exhaust ppn associated with said combustipn chamber and 
formed in said engine body, and aii exhauist vaiye operable to opra and close said 
exhaust port in timed relation to a combustion event; 

combustipn history control system for controlling a combustion history of future 
cbmbustibn events in said combustion chamber to ootimize eneine onenttirtn caW 
combustion history control system inchiding a ten:q)erature control system for ultimately 
Varyiiig the temperature of the mixtore of fiiel and au:, said temperanire controi system 
mcluding a residual mass fi^ctipn control system for vaiying a residual idms fraction 
of combustidn products in said combustion chamber, sdd reisidual 
system including a variable exhaust valve timing control means associated with said 
combustion chamber for controlling a time duration durii^ whidi said exh^ulst valve 
is ppen during an intake stroke of the engine based on eng;in6 operating conditions so 
as to cause exhaust gas to flow from said exhaust pon into said cotnbustioq chamber 
to Increase an amount of residual exhaust gas m said combustion chamber after a 
combustion isveiit so as to optimize engine operation. 

31. The engine of claun 30, wherein said variable exhaust valve timing 
control means retards the timing of closing of said exhaust port by said exhaust valve 
baaed on engine operating coiiditions to cause said exhaust valve to close during the 
intake stroke so as to cause exhaust gas to flow from said exhaust system through said 
exhaust pon mto said combustion chamber to mcrease an amotmt of residual exhaust 
gas in said combustion chamber after a combustion event. 

32. The engine of claim 30, further mcluding an eng^ 

detecting device for detecthog an engpme operating coiidition indicative of the 
combustion history and generating an engine operating condition signal indicative of 
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said engine operating condition, and a processor for receiving said engine operating .:: 
condition signal, deiermining a combustioii history value based on said engine operating, 
condition signal, and generating one or more control signals based on said combustion 
-history value,, said one or more control signals controlling said yafiable^xhaust valye 
tinting control means to control the combustion history of fumre combustion events. 

33. The engine of claim 30, wh^ein said combustion history control system 
further mcludes at least one of a pressure control system for uldinately v^ying the 
pressure of the mixture, an equivalence ratio control system for varying an equiviaeiice 
ratio of tile nuxture an4 a naixture autoignition property cbntrol system for varying aa 
autoignition property of die mixture. 

34. The engine ofcilaim 30, wherein said temperature control s^ 

an intake air temperamre control system for controllmg the tempenuure of the mtake 
aur in die intake system, said mtake air ten^erature o>ntrol system incliidihg a ixxder 
positioned in said intake ah- system, a bypass passage for bypassing flow around said 
cooler and a least one flow valve positioned in said intake air system to control.flbw 
through said cooler and said bypass passagie. 

35. The engme of claun 34, wherem said at least one flow valve includes 
only one valve positioned downstream of said cooler. 

36. The engine ofclaim 35, wherein said smgle valve is a flapper Qpe valve. 

37. The engine of dama 30, wherein die engine flirtiier includes a valve train 
for operating said exhaust valve, said variable exhaust valve tunmg control mean^, 
uicluding a hydraulic Imk system positioned in said valve train. 
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38. The engine of ckim 37, wherein said hydraulic link system includes a 
hydraulic chamber, a collapsable hydraulic link positioned in said hydraulic chamber 
and one of a plunger, a valve stem and a push rod inbunted for reciprocal movement 
msaid hydraulic chfunber^-^^^— 

39. The engine of claim 38, wherein said hydraulic link system fiirther 
includes a supply passage connected to said hydraulic chamber for supplying hydraulic 
fluid to said hydraulic chamber to create a hydraulic link, a drain passage conniec^ to 
said hydraulic chamber for draining hydraulic fluid from said hydraulic chamber to 
collapse said Hydraulic link and a least one control vailve for controlling flow dirough 
at least one of said supply passage and said drain passage. 

40. The engine of clakn 39. wherein said at least ohe control valve includes 
a supply control valve positioned in said supply passage and a second control valve 
positioned in said drain passage^ 

41 . The engine of claim 39, wherein said at least one control valve includes 
a solenoid valve positioned in said dram passage and a check valve positioned in said 
supply passage, 

42. The engine of claim 32* fiirtiier includmg a plurality of cylinders formed 
m the engine body, each of said plurality of cylinders defining a respective combustion 
chamber, farther including a cylioder combustion balancing means for variably 
adjusting operating conditions in said combustion chamber of each of said plurality of 
cylinders to achieve a isimilar combustion history for combustion events of said plurality 
of cylinders to balance combustion between said plurality of c^^^ 
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43. The engine of claim 30» ftirtber kcluding a plurality of cylinders forrarf 
in the engine body, each of said plurality of cylinders defining a resp^tive eombUstioii 
chamber, further including a cylinder combustion balancing means for variably 

_adjusting oijeraii^ X»nditipns m said cpmbiK^ chamber of each x)f said plurality of 
cylinders to achieve a similar combustion history for combustion events of said plurality 

of cylinders to balance combustion between said nluralitv of cvlinders 

. . — ^ . _ . ^ — w-,. , 

44. The engine of claiin 43, wberein said cylinder comimstion balancing 
means includes said variable exhaust valve timiiig control nieam, and yianable^diaast 
valve timing courol means bemg associated with each of ^id plurality of cylinders for 
receiving a variable valve timing control signal from said processor and controUmg a 
time duration during which said exhaust valve opens said exhaust port to vary an 
amount of residual e^xhaust gas remaining m said combustion chamber after a 
combustion event so as to balance combustion events between said pluroUQr of 
cylinders. 

45. The engine of claim 43, wherein said intake system includes a respective 
intake port associated with each of said plurality of cylinders and formed in said engine 
body, and a respective intake valve operable to open and close said respective intake 
port at predetermined times during operation of die engine, wherein said cylinder 
combustion balancing means includes a variable mtake valve timing control means 
associated with each of said plurality of cylmders for receiving a variable valve timing 
control signal from said processor and varying the time period during which said mtake 
valve is open so as to balance combustion events between said plurality of cyUhdeni. 

46. The eiigine of claun 43, wherein said cylinder combustion bsilahciiig 
means includes an injector mounted on said engine body for injecting a balancing fluid 
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inio one of said intake system and said combustion chamber, said balancing fluid 
changing tjlie autoigmtion property of the mi«ure/ ^ 

4.7. ^ T^^ of claim 43, wherdni said cylinder combustion balancing 
means includes a variable conqjression ratio meam associated with each of said 
plurality of cylinders for varying a compression ratio of each of said plurality of 
cylinders to maiwain combustion bialance between said pliu-ali^ 

48. The engine of claim 47, wherein said variable compression ratio hieaiis 
includes a variable valve timing control system for varying an effective compression 

49. The engine of claim 43, wherein said cyliiider combustion balancmg 
tneans includes a fuel supply system connected to die oigjne for directing fuel into the 
engine, wherein said fuel simply system ihcludes a first fiiel supply and a second fiiel 
supply, said first and said second fiiel supplies havmg different autoignition properties. 

50. The engine of claim 30, wherein said temperature control system includes 
an intake air temperamre control nieans induding an exhaust gas recirculation system 
for delivering exhaust gas from said exhaust gas system to said intake air system to 
control intake air tenqieramre. 

51. The engine ofclaim 30, wherein said residual mass fraction control means 
further includes a dirottle valve positioned in said exhaust system to limit exhaust gas 
flow thereby increasing the res^ual ihass fraction of comW^^ 
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52. A preyed ch^ge compression ignition internal combustion engine, 
comprising: 

.an engine body;' . ; 

a plurality of cylinders formedik the eagine bo^ 

a respective piston mounted in each of said plurd^ 
movement through successive exhaust and intake strokes, each resDescrive nistnn 
defining a combustion chamber for containing a mixmre of fuel and air; 

an intake air system for supplyiug intake air to said plurality of cylinders; 

an exhaust system for directing exhaust gas from said plurality of cylinders: 

combustion history rontrol system for cohtroUing a combustion histt)ry of future 
combustion events in said combustion chanjjer of e^ 

optimize engine operation, said combustion history contror system mcluding a 
temperamre control system for ultiniately varying the temperature of the mixmre of ftwsl 
and air, said temperamre control system including a residual nUiss fraction contioi 
system for varying a residual mass fraction of combustion products in said combustion 
chamber, said residual nass fraction control system including a throtde valve 
positioned in said exhaust system to limit exhaust gas flow thereby increasing die 
residual mass fraction of combustion products; and 

a processor for controilmg said throtde valve , based on engme operatmg 
conditions to optimize combustion 

53. The engine of clahn 52. further including an engme operating condition 
detecting device for detecting an engine operating condition indicative of tiie 
combustion history and generating an engine operating condition Signal indicative of 
said engine operating condition; and wherem said processor for receiving said enguie 
operating condition signal, determming a combustion history value based on said engiiie 
operating condition signal, and generating one or more control signals based on said 
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coinbusrion history value, said one or more control signals controUing said throttle 
valve to variably control exhaust gas flow thereby controUing the residual mass fractidn 
and the coinbuistion history of future cojmbust^ 

54. The engine of claim 52, wherem said residual mass fraction control 
system farther includes a variable exhaust valve timino cnntrni 
each of said plurality of cylinders for controlling a tiine duration during which said 
exhaust valve opens said exhaust port ctoing the ktake stroke of respective piston 
so as to cause exhaust gas tp flow from said exhaust systein through said exhkust port 
into said coinbiistion chamber tp increase an aiiipuiu pf residual exhaust gas in said 
combustion chamber after a coinbustion event. 

55 . A method for controUmg a tuning of combustion of fauire combustion 
events in a combustion diamber of an internal combustion engine using a timing of 
combustipn control system, the engine operable in a premixed charge compression 
ignition mode during which the engine is capable of operating in a stable mode wherem 
a combustion tuning will return to a steady state timing value upon the occurrence of 
a perturbation without the use of the timing of combustion control system permitting 
continuous stable engine operation and capable of operation in an unstable mode 
wherein the coinbustion timing one pf advances and retards upon the occurrence of a 
perturbation without returning to the steady state timing value potentially causing 
terminatipn pf engine pperation unless the tuning of combustion control system is used, 
comprising: 

providing the timing of combustion dontrol system for advancing and retanling 
the liming pf ppmbtistipn pf fiiture combusdon eyents ici the coinbustion chamber, said 
combustipn history cpntrbl system incliidmg at least one of a temperamre contrpl 
system for ultimately varying the. temperamre pf a mixture of fuel and air fpr 
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combustion in the combustion chamber, a pressure control system for ultimately 
varying the pressure of the mixture, anequivalence ratio control system for varying an 
equiv^ence ratio of the mixture and a liiixture autoignitioh property control systein for 
varying an autoig nition prop erty of fbe mixnirb; 

.operating the engine with the timing ofcombustion retaid^ 
engine operation in ithie unstable mode; 

contrpUing at least one of said ten^rature control s^^ 
system, said equivalence ratio control system and said mixture autoignition property 
control system while the engme is operating in die unstable mode to compensate for die 
pwturbations to cause timmg of combustion to remain at approxiinately die steady state 
-timing vahie thereby maiiiiaining steady engine operation in die unstable mode, 

56. The mediod of claim 55, fiahher including die stqps of: : 
detecting an engine operating condition indicative of die timing of combustion; 
generating an engioe operating condition signal indicative of said mginie 
operating condition; 

processing said engine operating condition signal and determining an actual 
timing of combustion value based on said engine operating condition signal; 

generating at least one control signal based on said actual timing of combustion 

value; 

providing said at least one control signal to at least one of said tempeiature 
control systoan, said pressure control system, said equivalence ratio control system and 
said mixture autoignition property control system to actively variably control die timing 
of combustion of future combustion events durmg operation in die unstable mode. 

57; The method of cUiim 56, fitrther finding die s^^ 
acoial timing of combustion value to a predeteimined desired timing of combustion 
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value and generating said at least one control signal based on the comparison of said 
actual timing of combustion value to said desired timing of combustion yaluC t said at 
least one control signal controlling said at lea$t one of said temp^tixre control system, 
said pressure control system, said equivalence ratio control system and said mixtiire 
autoignition property control system to cause saM actual timing of combustion value to 
approach said predetermined desired timing of combustibn value. 

58. Themethod of claim 57, further including a tiniing^^ 

for sensing the timing of combustion and generating a timing of combustion signal, said 
actual timing of cbmbustipn value being determined based on said timing of combustion 
sign^; 

59. The method of claim 58, wherein said timing of combustion sensor is a 
start of combustion sensor adapted to detea the start of combustion. 

V 60. The meihod of claun 55, further including the steps of providmg a 
rotatable crankshaft and a piston operatively connected to said crankshaft for reciprocal 
movement through a top dead center position, said unstable operation occurrmg when 
a start of rapid combustion occurs after said top dead center position. 

61 . Th|e method of claim 58; wherein said timing of combustion sensor is a 
cylmder pressure sensor. 
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